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A METHOD FOR DETERMINING THE PHOTOGRAPHIC 
ABSORPTION OF LENSES.* + 


BY 
G. W. MOFFITT. 


THE relations between image and object brightness and their 
dependence on the characteristics of the image forming system 
have been studied by a number of investigators whose work was 
carried out by visual methods and whose theoretical considera- 
tions were, in almost every case, based on the assumption of an 
instrument used visually. But the corresponding photographic 
problem has not been so fully investigated. While visual deter- 
minations of the percentage transmission would be expected to 
give values of the same order as those obtained hy means of a 
photographic method, nevertheless since the theoretical conditions 
are not identical in the two cases and since the visual method gives 
no information regarding the relation of the photographic object 
brightness to the total photographic flux density in the image, it 
seemed worth while to develop a photographic method for deter- 
mining the loss of light in a lens system. 

Let it be assumed that in Fig. 1, O represents a small luminous 
object plane perpendicular to the axis of the lens system that is 
forming a real image of O at O’. Assume further that the object 
surface is radiating according to the Lambert cosine law and that 
the normal photographic flux density at its surface is Jo. Leth 





*Read at the St. Louis meeting of the American Physical Society, 
December, 1919. 


t Communication No. 87 from the Research Laboratory of the Eastman 
Kodak Company. 
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be the radius of the image of the stop as seen from the object 
position, and let U be the angle at the object subtended by this 
radius. Consider a zone of radius r and width dr in this effective 
stop. The total flux from dso passing through such a zone is 





Id Sgeos*U’ XK 2rrdr 


tom + (utd) 











in which « is the distance from the object to the first principal 
point of the lens system and d is the distance from this first princi- 
pal point to the effective stop, considered positive when the effec- 
tive stop is farther from the object than is the first principal point. 








Photographic illumination by lens. 


By substituting for cos*U’ its value in terms of r, u, and d an 
expression for dL is obtained that is easily integrated for the total 
flux through the effective stop. The result may be written in the 
following convenient form: 















L = tI ,dSgin*U. 


This total flux will ultimately pass through the element of image 
dS’. But dS’x=Y*dSo where Y is the lateral magnification. 
Therefore the flux density in the image will be 


I gin? U 
,= 





This is the law relating the theoretical photographic flux density 
in the image to the normal photographic flux density at the object 
plane. For magnifications approaching zero (infinite object dis- 
tance) the equation becomes much simpler and may be written 
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where S is the ordinary “ F-number ” of the lens system. 
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The above equations assume no losses in passage through the 
system. They involve only the geometrical limitations of relative 
aperture and magnification, but have nothing to do with losses 
by absorption and scattering. In fact, they show what the flux 
density in the image would be for what might be called a perfect 
lens working under the same conditions. It is also to be noted 
that the angle of incidence on the plate for the part of the flux 
coming to the image from the zones of the lens has been neglected. 
For all ordinary lenses these angles are small and are considered 
negligible as far as the blackening of the photographic plate 
is concerned. 

Fic. 2 
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Photographic illumination by sensitometer. 


Now assume the lens to be removed from the arrangement 
shown in Fig. 1, leaving the conditions as sketched in Fig. 2. Let 
the radius of the radiating plane be R and the perpendicular dis- 
tance from the source to the photographic plate be /. The element 
of flux density at the plate due to a ring element, 2rrdr, of the 
source is 
2rrIodr cos" 

r? + 7? 
2rIol?r = = 


(r? + 72)? 


Integrating this expression over the area of the source the total 
flux density at the plate is found to be 


7I,R? 
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Thus one has a sensitometric means of impressing a plate with a 
known flux density, and by comparing the resulting blackening 
of the plate with the one due to an exposure to the lens image of 
the same source the unknown photographic flux density in the lens 
image may be determined. 

The axial photographic transmission coefficient of a lens sys- 
tem may now be defined for a given set of conditions as the ratio 
of the light flux of photographic quality in the image of a small 
object on the axis of the system to the light flux of photographic 
quality that would reach the image were there no losses of any 
kind in transmission through the system, other conditions remain- 
ing the same. If a photographic plate be exposed to the action 
of the lens image, the remainder of the plate being shielded from 
radiation, the exposure will be E: =Jits where ti represents the 
time of exposure. If an adjacent portion of the plate be exposed 
to the direct action of the source (lens and lens board removed) 
for a time interval, t., so adjusted that equal densities are ob- 
tained in lens image and sensitometer strip the exposure will be 
E,=I.sts. The apparatus may be so adjusted that ¢. and t: are of 
about the same magnitude, so that the question of the failure of 
the reciprocity law does not enter here, and it may be assumed 
without further discussion that equal densities are produced by 
equal exposures for the range of time intervals used in this work. 
Equating the exposures for equal densities, 


Tt = Tots, 
wI,R? ls 
h-BeR *T 


According to the definition already given the transmission coef- 
ficient of the lens is 
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For the experimental work one of our standard sensitometers 
(Fig. 3) proved to be suitable without modification other than 
the addition of a lens carrying support and some screening for 
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the best possible elimination of stray light. The instrument was 
equipped with a cubical lamp house (Fig. 4), having white dif- 
fusing anterior walls. A voltage-controlled tungsten lamp in the 
centre illuminated a window of pot opal glass in one side of the 
box. This window could be stopped down to any desired diam- 
eter by means of suitable metal plates having centred circular 
openings and, after being screened with the proper filter to render 
the emitted light of approximate daylight quality, served as the 
source. or object plane, in the experiments. The plate holding 
and exposing mechanism (Fig. 5) was placed at any convenient 
and suitable distance from the source. This device is designed to 


Fic. 3. 





Constant intensity continuous exposure sensitometer. 


expose a plate in strips composed of a series of steps, the time of 
exposure in each step being automatically controlled as desired 
and continuous from beginning to end. By placing a lens carried 
on a suitable screening board between the lamp house and the 
sensitometer a focused image of the circular source was formed 
on the plate in the sensitometer and exposed in a series of stops, 
although the size of the image was such that usually only one 
stop, and never more than three, was exposed. Then the lens and 
lens board were removed and step strips adjacent to and on both 
sides of the lens image were impressed upon the plate by means 
of the direct illumination, the same control of the source being 
maintained throughout both lens and sensitometer exposures. 
From the developed plate the ratio of the times of exposure for 
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equal densities in the lens image and the sensitometer strips could 
be determined. This ratio, together with the dimensions of the 
apparatus and the constants of the lens, gave sufficient data for 
the determination of the percentage transmission for light of 
photographic quality, according to the formula already derived. 
The distance, stop, size and intensity of source, and exposure 
times were so adjusted as to bring the density in the lens image 


Fic. 4. 





Lamp house end of sensitometer 


approximately equal to that in the middle of the sensitometer 
strip. That is the important densities were all grouped together 
at the centre of the plate. With this procedure good results on 
the axial transmission were obtained. 

If in a discussion of the problem of oblique transmission an 
attempt be made to follow a line of reasoning similar to that just 
given for axial transmission difficulties will at once be encoun- 
tered. The stop ceases to be of a simple nature. Not only the 
diaphragm but various’ lens rings as well become effective in 
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limiting unsymmetrically the pencil passing through the lens. 
Since these lens rings have a great variety of sizes and positions 
in different types of lenses, it is evident that a general formula 
for oblique transmission would necessarily be very complicated. 
For this reason it seems advisable to express oblique transmis- 


Fic. 5. 





Plate exposing end of sensitometer. 


sion values in terms of the axial transmission coefficient. The 
experimental determination of oblique transmission would then 
consist of a comparison of the density obtained in the image of 
a small field object source with that obtained in an axial image 
of the same source, other conditions remaining unchanged. This 
amounts to a determination of the relative photographic action 
at a field image point as compared with that at the axial image 
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point. It affords a satisfactory means of comparison of the 
variation of field illumination with variation of angle in dif- 
ferent lenses. 

Because of inherent irregularities in the photographic plate 
quite a number of exposures must be made in order to arrive at a 
good average value of the transmission coefficient. Considerable 
time is required to perform the experiments. Preliminary results 
obtained by this method have been found to be in good general 
agreement with those given by visual methods,’ as well as with 
values deduced from the theory of reflection and absorption. 


Rocuester, N. Y., 
March 10, 1920. 





*P. G. Nutting, Astrophys. Jour. 40, p. 33-42, 1914; R. W. Cheshire, 
Proc. Opt. Con., p. 34-40, 1912. 























DYES FOR PHOTOGRAPHIC SENSITIZING. 


BY 
W. F. MEGGERS and F. J. STIMSON. 


In the past forty years photography has found such universal 
and varied applications, both popular and scientific, that a layman 
might be justified in believing that it is a perfected science. Only 
the chemist fully realizes how little is realty known of the funda- ~ 
mental facts of photo-chemical action and only scientists who 
attempt to use photography for investigations in a large range of 
spectrum are thoroughly conscious of the shortcomings of com- 
mercial photographic materials. 

It is well known that photographic emulsions which owe 
their light sensitiveness to the silver halides alone are strongly 
affected by the short waves of blue, violet, and ultra-violet light, 
but are practically insensitive to the longer waves. This fact 
led, in the early days of photography, to the conception of the 
so-called actinic or chemical rays. It is now known, however, 
that the chemically active rays are not necessarily the shortest 
waves in the spectrum, and it has actually become possible to 
make photographic emulsions more or less sensitive to all the 
visible colors and even to the waves of infra-red light or so-called 
heat rays. 

Both the absolute and the spectral sensitivity of silver bro- 
mide are powerfully influenced by the action of so-called sen- 
sitizers, which have generally been grouped into two classes: (1) 
the chemical sensitizers and (2) the optical sensitizers. 

There is no doubt that the principal factor in the action of all 
sensitizers is their greater absorption for light. The vibrations 
of light are considered to be of electro-magnetic nature and the 
absorption of light is regarded as being conditioned by resonance 
phenomena depending upon electro-magnetic and other physical 
properties of the resonators. The ultra-microscope has shown 
that gelatine consists of a homogeneous mass containing aggre- 
gates which, in a gelatine silver-halide emulsion, would be natu- 
rally associated with the halide in forming the above-mentioned 
resonators ; thus offering an explanation of the sensitizing action 


gI 
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of gelatine.’ Silver bromide, either in collodion or in gelatine, 
always shows the maximum of light sensitiveness to blue light, 
but the gelatine emulsion is more than a hundred times as sensi- 
tive as the collodion emulsion. On the old chemical theory, the 
sensitizing action of easily oxidizable organic substances, e.., 
albumin, gelatine, etc., was explained as assisting in the reduction 
of silver halide to sub-halide when acted on by light and such 
substances were called chemical sensitizers by Doctor Vogel 
(Photographic News, p. 209, 1865). All experiments, however, 
with silver halides imbedded in various media have apparently 
been unable to increase the spectral range of sensitiveness. Ex- 
ception must be made of some experiments by Captain W. de W. 
Abney,? who prepared a modification of silver bromide which 
was sensitive to red and infra-red light as well as to blue and 
violet light. The production of such red sensitive emulsions ap- 
pears to have been too difficult or uncertain to continue success- 
fully, but it by no means follows that all the possibilities of 
combining silver halides with chemical sensitizers have been 
exhausted. This field seems to have been more or less 
neglected since the use of photo-sensitizing dyes (optical sensi- 
tizers) has produced photographic emulsions of considerable 
color sensitiveness. 

In 1873, H. W. Vogel was studying the effect of the solar 
spectrum on silver halide emulsions. In one of his experiments 
he used a silver bromide dry plate wh‘ch had been stained yellow 
with aniline red to prevent halation. In addition to the blue and 
violet sensitiveness, this plate showed a second maximum of sensi- 
tiveness in the green which corresponded to an absorption band 
in the spectrum of a solution of aniline red. He then made ex- 
periments with other dyes * and stated : “ From these experiments 
I feel justified in concluding with a good deal of certainty that 
we are able to make silver bromide sensitive to any desired color, 
or to increase its existing sensitiveness for certain colors. It is 
only necessary to add a substance which will promote the decom- 
position of silver bromide and which absorbs the rays in question, 
letting the others pass. The aggravating difficulty in regard to 
the photographic ineffectiveness of certain colors appears to be 








* Sheppard and Mees, “ Theory of the Photographic Process,” p. 268. 
* Abney, Phil. Trans., 171, p. 653, 1880, and 177, p. 457, 1886. 
* Vogel, “ Handbuch der Photographie,” 4th Ed., 1, p. 204, 1890. 
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a thing of the past.’”’ This conclusion at first met with much 
opposition. In the British Journal of Photography for 1874, 
Vogel’s discovery was derided and rejected. The Berlin Acad- 
emy of Sciences, however, recognized the importance of these 
results and made a considerable grant to enable Vogel to carry 
on his investigations. The rejection of this discovery was partly 
due to the fact that very few people at that time were clear as 
to the connection between chemical action and absorption of 
radiant energy. Most of those who tried to duplicate Vogel’s re- 
sults failed because they dyed the films too much and exposed 
them too little. Furthermore, the dyes available at that time were 
so impure that they caused the collodion emulsions to spoil. 

So far as the introduction of this principle into commercial 
practice was concerned, the prospect seemed at first absolutely 
hopeless, Vogel himself obtaining only one good plate to five 
bad ones. About this time, a revolution was brought about in 
photography by the introduction of the silver bromide-gelatine 
process. The optical sensitizers with which gelatine emulsions 
were then dyed proved, in the beginning, of such doubtful value 
that Vogel regarded the apparent indifference of silver bromide- 
gelatine emulsion to such sensitizers as a characteristic of this 
“‘ modification ’ of silver bromide. Somewhat later, the firm of 
Attout Tailfer and Clayton came forward with a French patent 
(Pat. No. 152645 of December 13, 1882, and March 29, 1883), 
according to which silver bromide-gelatine was made strongly 
sensitive to yellow by means of eosine. Plates made by this 
process were called “ isochromatic.” Following this notable 
event many color sensitizers were examined by Vogel, Schu- 
mann, and Eder, the latter alone investigating the sensitizing 
action of more than 140 coloring matters.‘ 

Altogether a very large number of dyes have been examined 
for photo-sensitizing action, but relatively few have been found 
which exert any marked effect in making silver bromide-gelatine 
emulsions sensitive to the longer waves of the spectrum. H. W. 
Vogel discovered chilolin-red and cyanin as excellent sensitizers 
and with these introduced color-sensitive “azalin” plates into 
commerce. The very effective green sensitizing action of ery- 
throsin, discovered by Eder ® in 1884, has been used extensively 





*Eder, “ Ausfiihrliches Handbuch der Photographie,” 2, p. 443, 1898. 
* Eder and Valenta, “ Beitrage zur Photochemie und Spectralanalyse,” 
Part iii, p. 78, Wien, 1904. 
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in the production of so-called “ orthochromatic’’ plates. Other 
dyes which have found wide application as photographic optical 
sensitizers are pinaverdol, pinacyanol, homocol, orthochrome T. 
pinachrome, pinachrome blue, pinachrome violet, pinacyanol blue, 
cyanin, dicyanin, dicyanin A, methyl violet, methyl! green, etc. 

Our conceptions of the action of such optical sensitizers as 
well as that of the chemical sensitizers have undergone a change 
in recent years, the electron theory having displaced the older 
chemical theories. A large number of both solid and liquid sub- 
stances have been found to lose negative electricity when exposed 
to ultra-violet light ; i.e., if negatively charged, they rapidly lose 
the charge, while if initially uncharged, they acquire a positive 
charge. The sensitiveness of this photo-electric effect depends 
upon the absorption, the effect being greatest for the spectral 
region which is most strongly absorbed. The silver halides and 
especially the dyes used as sensitizers have been found to be highly 
photo-electric. Under the action of light, electrons are liberated 
from the photographic emulsion, and the increased ionization 
perhaps brings about a chemical change which is the so-called 
latent image.® 

Sensitizing dyes may be applied to photographic emulsions 
in two different ways—either by incorporating the dye in the 
emulsion before it is flowed on plates, or by staining a plate, 
coated with blue-sensitive emulsion, in a dilute solution of the 
dyestuff and then drying rapidly. Both methods have yielded 
plates which have found wide use in general photography. In 
either method only a relatively small quantity of dye is added 
to the silver salt to make it sensitive. As little as 1 part of 
cyanin in 5,000,000 parts of staining bath produces a noticeable 
effect, and too large a proportion of the dye materially reduces 
the total sensitiveness of an emulsion.*/ When incorporated dur- 
ing the emulsion making process, about 2 to 4 mg. of dye to 
100 c.c. emulsion appear to give the best results. In the staining 
process the best proportion of dye in the bath ranges with differ- 
ent dyes from I part in 25,000 to 1 part in about 75,000. Very 
extensive and careful experiments on the technic of plate bathing 
were carried out in 1907 by R. James Wallace,* who found that 





* Sheppard and Mees, “ Theory of the Photographic Process,” p. 270. 
* Eder, “ Beitrage zur Photochemie,” Part iii, p. 95, Wien, 1904. 
* Wallace, Astroph. JI., 26, p. 299, 1907. 
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the best results were obtained by rapidly drying the plate after 
staining with a dilute solution of the dye in water and alcohol, 
a small amount of ammonia being added. At the Bureau of 
Standards, where stained plates have been used extensively and 
successfully for spectroscopic investigations and for experiments 
in aerial photography, the practice is to prepare a stock solution 
of the dye by dissolving one part in 1000 or 2000 parts of ethyl] 
alcohol and then mix a staining bath by adding 6 c.c. of this stock 
solution to a mixture of 60 c.c. alcohol and 85 c.c. of water, to 
which 6 c.c. of strong ammonia water is finally added. Various 
types of blue-sensitive photographic plates become sensitized by 
soaking from 3 to 5 minutes in the staining bath after which they 
are given a brief rinsing in alcohol and dried rapidly.’ 

The use of water and alcohol is a compromise between con- 
flicting requirements for a staining bath. While water, by soften- 
ing the gelatine, aids in the penetration of the dye, it retards 
drying, and rapid drying is essential. Again, in a water solution 
containing ammonia, the dyes flocculate easily, producing a worth- 
less staining bath. The presence of alcohol tends to prevent this 
flocculation and also hastens drying; but, at the same time, by 
hardening the gelatine film it tends to prevent the dye from 
penetrating it. Because of these conflicting conditions the use 
of a water-alcohol-dye bath first, followed by an alcohol 
rinsing has been found to give the best results. 

Ammonia plays an important part in the dyeing process to ob- 
tain the greatest sensitivity. Investigations at the Bureau of 
Standards * have shown that the sensitiveness of commercial 
panchromatic plates can be increased very considerably by bathing 
such plates in a dilute solution of ammonia in water and alcohol. 
It has also been found that staining baths are more permanently 
useful if they are free from ammonia, so that an excellent pro- 
cedure is to bathe the plate first in a water-alcohol solution of 
dye and then in a separate solution of ammonia. 

Plates stained by the operator just before use have an advan- 
tage over commercial color sensitive products in that they can 
be prepared so as to have the maximum sensitivity in any desired 
spectral regions without being limited to processes which give 
good keeping plates. Furthermore, many dyes of interest in 





*See B. S. Cir., “ Color-Sensitive Photographic Plates,” Nov. 6, 1919. 
* Burka, Journal Franklin Institute, p. 25, Jan., 1920. 
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scientific photography have never been incorporated in the emul- 
sions which are obtainable on the market. These advantages are 
such that plate bathing will be resorted to in all photographic wor! 
for which commercial emulsions are insensitive or too slow. 

Previous to 1914, practically all of the dyes which were most 
successfully used in photographic sensitizing were produced in 
the large dye factories in Germany. When this source of supply 
was cut off not only was the commercial color-sensitive plate 
manufacturer put to some trouble to find substitutes for the 
dyes he formerly imported, but the scientist also, who prepared 
bathed plates for special problems, seemed likely to have to dis- 
continue his work because of the shortage of dyestuffs. Various 
laboratories in England and in the United States soon took up 
the problem of making the important dyes for photographic 
sensitizing which were formerly procured from Germany. For 
the manufacture of panchromatic photographic plates, pinacyano! 
in considerable quantities was required and the Ilford Company 
of London and the Eastman Company of Rochester were both 
successful in the production of this dye. 

The synthesis of photo-sensitizing dyes was taken up in this 
country as a war problem by the Chemical Section of the Science 
and Research Division of the Bureau of Aircraft Production in 
1917. Since the signing of the armistice this work was taken 
over and continued by the Color Laboratory of the Bureau of 
Chemistry (Department of Agriculture). The Spectroscopy 
Section of the Bureau of Standards (Department of Commerce) 
has carefully tested the photographic sensitizing action of prac- 
tically all the dyes made for this purpose and up to the present 
time has tested over 150 different samples, most of which were 
prepared by the Bureau of Chemistry. 

These dyes fall into three general classes: (1) green sensi- 
tizers (orthochrome, erythrosin, pinaverdol); (2) yellow-red 
sensitizers (pinacyanols) and (3) infra-red sensitizers (dicya- 
nins, kryptocyanin). Pinaverdol '' sensitizes strongly for green 
and yellow light with wave-lengths between 5000 A and 6000 A 
(1 A=0.0000001 mm. ), showing maxima at 5400 A and 5800 A. 
Pinacyanol is excellent for yellow and red from 5500 A to 7000 A 





"The crystallography and optical properties of this dye have been 
described by E. T. Wherry and E. Q. Adams, Journal Washington Academy 
of Sciences, 9, p. 396, 1919. 
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and gives maxima at 5800 A.and 6400 A. The most successful 
dye thus far discovered for infra-red sensitizing is dicyanin, 
which is now made by the Bureau of Chemistry. The sensitivity 
imparted by it to a silver bromide plate shows three maxima, one 
in the yellow at 5800 A, a small one in the red at 6400 A, and a 
strong red band at 7000 A, extending out into the infra-red. 
\ new sensitizer for red light has recently been found by the 


Fic. 1. 
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Spectral sensitivity of Seed’s 23 plates stained with various dyes. 


Bureau of Chemistry. It is called Kryptocyanin and shows, in 
addition to a weak band at 6000 A, a strong band whose centre 
is at wave-length 7400 A, sensitizing in a narrow spectral region 
from 7200 A to 7700 A. 

It is obvious that the most direct and conclusive test of the 
photo-sensitizing action of dyes is to bathe a silver emulsion in 
a solution of the dye and expose it to a continuous spectrum. For 
a comparison of the spectral sensitivity of dyed plates, the spec- 


trum of sunlight or skylight may be used, although it is often 
Voit. IV, No. 3—7 
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more convenient and desirable in the laboratory to use an arti- 
ficial source like an incandescent lamp. Fig. 1 illustrates the 
photographic impression made by a continuous spectrum upon 
Seed’s 23 plates before and after treatment with typical photo- 
sensitizing dyes. The plates were stained in dye baths as de- 
scribed above and then exposed in a small concave grating 
spectrograph ** illuminated by light from an incandescent lamp. 
The violet and ultra-violet parts of the spectrum are not shown, 
since only waves longer than those of blue light are of great 
interest in connection with the sensitizing dyes. 

Other methods of detecting optical sensitizers would be avail- 
able if the chemical and physical properties of dyes could be 
definitely and regularly associated with sensitizing action. At 
the present time, the relationship between such action and the 
chemical constitution of the dyes does not appear to be very 
well known. 

It is often true that the unstable or fugitive dyes are the best 
sensitizers. This is especially true with the best sensitizers for 
red and infra-red, but it is not a general rule, inasmuch as some 
dyes which sensitize strongly are also quite stable. The manu- 
facture of these dyes in our own country is a great advantage 
to our scientific work, since it makes the unstable dyes more 
readily available before they deteriorate. The fact that before 
the war many scientists in this country discredited the excellent 
sensitizing action of dicyanin is perhaps partly explained by de- 
terioration of that dye during importation from abroad. 

It is a general law that the spectral sensitivity imparted by a 
dye corresponds rather closely with the position and shape of 
bands in the absorption spectrum of the dye, but it has already 
been pointed out that a comparatively small number of dyes act 
as photo-sensitizers, although they all have absorption bands. It 
was first announced by Eder ™ in 1885 that the wave-length for 
which the dye acted most strongly in sensitizing silver emulsion 
was 200 to 400 A greater than the wave-length corresponding to 
the centre of the absorption band of the dye in solution. It ap- 
pears that it is necessary for a dye actually to stain the silver salt 
to become a sensitizer and the absorption band of the dyed silver 
salt seems to correspond exactly to the spectral band of sensitive- 





™ Journal Franklin Institute, p. 26, Jan., 1920. 
* Eder, “ Beitrage zur Photochemie,” Part iii, p. 35, Wien, 1904. 
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ness imparted to the emulsion. This would be expected if reso- 
nance-absorption of energy and photo-electric effect are responsi- 
ble for the sensitizing action. The absorption spectra of some 
typical photo-sensitizing dyes in alcoholic solution have been 
mapped by the Colorimetry Section of the Bureau of Standards 
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Spectral transmission and photo-sensitizing of pinaverdol. 


and Figs. 2, 3, 4, 5, 6, and 7 show the characteristic absorption 
and photo-sensitizing bands of these dyes. The continuous curves 
represent the percentage of light of various wave-lengths trans- 
mitted by dyes in alcoholic solution( left-hand ordinates), while 
the dashed curves give the relative photographic blackening of a 
silver bromide emulsion after being stained with the dyes, exposed 
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to a continuous spectrum and developed (right-hand ordinates). 

The close relationship between the two curves is evident in each 

figure. If the transmission curve be inverted and displaced 

slightly toward the longer waves, it will roughly coincide with the 

photographic density curve (except in the blue end of the spec- 
Fic. 4. 
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Spectral transmission and photo-sensitizing of German dicyanin. 


trum where the natural sensitivity of silver bromide is predomi- 
nant). As suggested above, the bands shown in the two curves 
differ in wave-length slightly because in one case we observe the 
absorption of dye in alcoholic solution, and in the other the 
absorption of dyed silver bromide having a much larger index 
of refraction. 

The important part which photography played in the recent 
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war brought about some developments which will be of perma- 
nent interest to photographers, and especially to those who make 
use of photography as an aid in scientific research. Aerial pho- 
tography from great altitudes was difficult because of atmospheric 
haze which is very rich in blue light and obscures the landscape. 
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Spectral transmission and photo-sensitizing of dicyanin A. 
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Spectral transmission and photo-sensitizing of kryptocyanin. 


It was necessary to use color-sensitive photographic plates (ortho- 
chromatic or panchromatic) with ray filters to screen out this 
scattered blue light and extensive research was therefore carried 
on to improve the existing color sensitive emulsions. It appears 
that the Germans were successful in producing a remarkable or- 
thochromatic plate which showed much more contrast and from 
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four to fifteen times the speed of the best orthochromatic plates 
used by the Allies. The Allies, however, were probably more suc- 
cessful in the production of panchromatic plates for military 
purposes. The most notable success was by the English firm of 
Ilford, Ltd., which prepared a panchromatic plate with extraordi- 
nary red-sensitiveness and this is now on the market as Ilford 
Special Rapid Panchromatic. The special technic employed in 
obtaining these results appears to be quite new and a real step 
in advance of previous processes. It consists of a method of 
stimulating the sensitizing powers of certain dyes of the pina- 
cyanol class. This was done by using auramine, a yellow dye 
of the coal-tar group, as an auxiliary agent; it gives increased 
speed and at the same time yields clean-working and reasonably 
stable plates."* 

These researches on color-sensitive plates involving the use 
of optical sensitizers have made both England and America inde- 
pendent of Germany in the matter of photographic dyes. It has 
also stimulated research as to their constitution and properties, 
which is now bearing fruit in improved sensitizers for the longer 
light waves and which, if continued, will undoubtedly lead to 
further progress in photography. 

Improvements in photographic emulsions are of vital im- 
portance to physicists, astronomers and professional photog- 
raphers, not to mention the amateurs. In the first place, it seems 
probable that a simple and thoroughly practical method of pho- 
tography in natural colors will be available as soon as the speed 
and the spectral sensitiveness of emulsions are materially in- 
creased. This is a problem which should find its solution in the 
near future. 

From the scientific viewpoint, increased light sensitiveness 
throughout a very wide range of spectrum is desirable. Perhaps 
most people are unaware of the fact that the most sensitive photo- 
graphic materials now available are many millions of times less 
sensitive to the visible spectrum than the eye. For this reason 
a great deal of scientific work, where the objects to be photo- 
graphed are faint and where the work is of spectroscopic nature, 
is now rather narrowly limited by the characteristics of available 





“ Read also “ Progress in Photography Resulting from the War,” by 
Paul W. Merrill, in Publications of the Astronomical Society of the Pacific, 
No. 185, pp. 1-11, Feb., 1920. 
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photographic emulsions. An extension of the photographic pos- 
sibilities lies in the hands of the chemist and there is no doubt 
that research work on both chemical sensitizers and optical sensi- 
tizers will open up new fields. 

Great advances in aerial photography and long-range land- 
scape photography rest upon improvements in color sensitive 
emulsions which can be used in cameras with ray filters..* Figs. 


Fic. 8. 





Seed’s 30 plate exposed 1/100 second behind F/11 lens without color filter. Taken simultaneously 
with Fig. 9 in a multiple lens airplane camera at 10,000 feet altitude. 


8 and 9 illustrate the advantage of red-sensitive over blue-sensi- 
tive plates in haze penetration which is very important for 
aerial photography. 

In physics, the extension of exact spectroscopic knowledge and 
the development of photographic photometry may be cited as 
cases in which improvements in photographic materials will be 
of great service. 

Astronomy would benefit most of all. Finer grained and 





*Pub., Astron. Soc., Pac., Vol. xxxii No. 185, 1920, Frontispiece and 
page 69. 
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faster emulsions would effectively increase the power of the great- 
est telescopes. Better color sensitive emulsions would enlarge the 
field of stellar spectroscopy and permit more exact determination 
of the colors and temperature of stars. It might even be 
conceived that emulsions of extraordinary red or infra-red sensi- 
tiveness could be used with screens removing most of our 
skylight, so that many stars could be photographed in bright day- 
light, thus lengthening the astronomical observer's day to twenty- 


Fic. 9. 





Seed’s 23 ee stained with pinacyanol and exposed 1/100 second behind F/6.8 lens with 
— Fay — 9 Taken simultaneously with Fig. 8 in a multiple lens airplane camera at 
four hours and enabling him to test the Einstein prediction of 
solar deflection of light from the stars without waiting for an 
eclipse of the sun.’® In fact, one’s imagination can perhaps sug- 
gest only a very few of the future possibilities with pho- 
tography after the chemist has sufficiently improved the photo- 
graphic materials. 


Wasuincron, D. C., 
March 30, 1920. 





* Lindemann, Monthly Notices, R. A. S, 77, pp. 140-151, ‘1916. 
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I. INTRODUCTION. 


THE dilatation or dimensional change of glass with variation 
in temperature affects its thermal resistance, optical properties, 
and dimensional permanency, and is often the direct cause of 
difficulties encountered in working glass. The cracking or break- 
ing of articles made of glass, when subjected to sudden tempera- 
ture changes, is familiar to everyone. When glass is cooled rather 
quickly from the molten state, strains are set up due to the un- 
equal expansions or contractions of the inside and outer surface. 








* Published by permission of Director, Bureau of Standards. 


105 











106 C. G. Peters ANpD C. H. CRaAGoe. 


If these strains are present in the optical elements of an instru- 
ment, they may cause, for example, variation in the refractive 
index throughout a prism, changes in the curvature of a lens, dis- 
tortion of the plane surface of a plate, or, in some cases, shatter- 
ing of the glass. Proper annealing in order to remove the strains 
is therefore of prime importance. 

But no annealing procedure will prevent sealed junctions of 
glasses having different expansitivities from cracking, or seals 
between metals and glass, as in the case of incandescent lamps. 
from presenting serious difficulties unless the expansitivities are 
nearly the same. The thermal expansitivity of materials known 
as “ glass” depends on their chemical composition which may be 
extremely complicated and widely different. This necessitates a 
determination of the thermal expansitivity of each type before the 
glass can be used effectively and intelligently. 

Previous investigations of this property have been confined 
to temperatures below 100° C., except in a few isolated cases 
when glasses of unknown composition were taken to 500° C. 
Since most of the strains in glass are introduced while cooling 
through the temperature region between 575° and 475° C., as will 
be shown later, these measurements throw little light on the sub- 
ject of annealing. They do, however, furnish the rate of ex- 
pansion below the annealing region. Hence, a brief review of 
the experimental methods and results of these earlier investi- 
gations is appropriate. 


1. Micrometric Method. 


The greater part of the measurements of thermal expansion 
have been made by direct observation of the elongation with 
micrometer microscopes focussed upon lines ruled near the ends 
of a rod of the material. The elongation 4L is read directly 
from the micrometer head, the mean coefficient of expansion for a 
given temperature interval At being given by 


AL 
C= Ec aAd . ° . . . . . . . . . (1) 


where L is the original length of the specimen. This method was 
used by Callender! for determining the thermal expansion of 





* Callender, Roy. Soc., Trans., Vol. 178, p. 161, 1887. 
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hard glass (from a gas thermometer) in the temperature interval 
17° to 494° C. A tube 63 cm. x 5 mm. which had been drawn 
down to a fine capillary at each end was heated in an iron tube 
gas furnace and then allowed to cool. The measurements were 
made while the specimen was cooling, because a permanent con- 
traction due to change in structure of the glass took place at the 
higher temperature. This permanent contraction amounted to 
.052 per cent. of the length of the tube on the first heating and 
.026 per cent. on the second. Later in their work on the boiling 
point of sulphur, Callender and Griffiths ? determined the thermal 
expansion of a specimen of glass tubing. A permanent contrac- 
tion of .056 per cent. of the samples’ length was found after the 
first of five heatings to 400° C. The amount of the contraction 
decreased upon successive heatings. 

This same effect was observed by Holborn and Griineisen * 
in their work on the thermal expansion of Jena 59" glass. A 
rod (5.7 x 435.8 mm.) when held (in a horizontal electric fur- 
nace) at 550° C. for five hours, shortened 0.79 mm. With the 
temperature held at 500° C., readings taken in one-half hour 
intervals revealed successive contractions of 0.084, 0.038, 0.036, 
and 0.018 mm. 

Thiesen, Sheel, Sell,* and Henning® used the micrometric 
method for the determination of the thermal expansion of ther- 
mometer glasses between —191° to +100° C. 

M. So® investigated the thermal expansion of glass rods, 
I x 300 mm., which were suspended within a vertical, electrically 
heated, iron tube furnace. A 25-gram weight was fastened to 
the lower end of the rod and the expansion was measured with 
micrometer microscope fastened to the same iron pillar which 
supported the specimen. The expansion of this pillar which 
might have introduced an error in the determination was not 
considered. With this apparatus sixteen different kinds of glass 
were examined, the data and curves for four of which are pre- 
sented in his paper. These curves show a nearly linear expansion 
from room temperature to 400° C. With the unannealed glass, 





* Callender and Griffiths, Roy. Soc. Trans., Vol. 182, p. 123, 1801. 
* Holborn and Griineisen, Ann. der Phys., Vol. 311, p. 136, 1901. 

* Thiesen, Sheel, Sell, Zeits. f. Instk., Vol. 16, p. 49, 1806. 

* Henning, Ann. der Phy., Vol. 22, p. 631, 1907. ‘ 
*M. So, Tokyo Math. Phy., Soc. Proc., Vol. 9, p. 425, 1917-18. 
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a considerable contraction, not shown by the annealed glass, oc- 
curred during the next 50° rise in temperature. Beyond 450° 
a rapid elongation took place, due perhaps to a stretching of the 
plastic glass by the 25-gram weight. 


2. Interference Method. 


With the interference method originated by Fizeau ‘ and later 
developed by Pulfrich,® the change in length of a ring or tripod 
of the material which acts as a separator for the two interfer- 
ometer plates is determined from the shift of the straight inter- 
ference fringes past a reference mark. This method has been 
employed by many observers for determining the expansion of 
small samples of various substances over a wide temperature 
range, but the measurements on glass have been confined to the 
lower temperature region. Reimerdes ® reached a temperature of 
220° in his work on three samples of Jena glass. Pulfrich, Win- 
klemann, and Weidmann determined the thermal expansion 
of a number of glasses of known chemical composition over the 
temperature range 5° to 95° C. This work was part of an ex- 
tensive and thorough investigation of optical glass carried out at 
the factory of Schott and Genossen, Jena. 

Dorsey *? measured the expansion coefficient of glass tubing 
of unknown chemical composition between +20° and —170° C. 


3. Summary of Previous Work. 


The results of this previous work on the thermal expansion 
of glass are summarized in Table I. All determinations for tem- 
peratures above 100° C. have veen recorded, although those for 
glasses of unknown composition are of little value. The measure- 
ments made in the temperature interval of 0° to 100° C., on 
different types of glass of known composition, were collected 
from Hovestadt. Ina few cases measurements made during the 
present investigation are, for comparison purposes, also included 
in this table. 





* Fizeau, Ann. der Phy., Vol. 128, p. 564, 1866. 
* Pulfrich, Zeits. f. Instk., Vol. 13, p. 365, 1803. 
* Reimerdes, Dissertation Jena, 18096. 

* Hovestadt, “ Jena Glass,” p. 234. 

™" Dorsey, Phys. Rev., Vol. 25, p. 88, 1907. 
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TABLE I. 
Observer | Glass | Chem. Comp. pee sont | Coeff. x 10* 
- 
Dorsey (1907)....| Crown glass | Not determined —170° to .0736 
| tubing +10° C. 
Reimerdes (1896)..| Silicate crown 
| 0.1552 | SiO, 64.72 
| BOs 2.7 37-36° | .0920 
| ZnO 2.0 
AS,O; 0.5 92.91° | .1004 
BaO 10.0 
Na,O 5.0 151.12° | .1061 
K;0 15.0 212.34° | .ENIT 
| Mn,0; 0.08 
Reimerdes (1896)..| Borosilicate 
| crown 0.627...| SiOz 68.24 39.0° | 0764 
B:O; 10.0 
ZnO 2.0 55.1° | 0782 
AS:O; 0.2 94.9° | .0826 
| NaO_ 10.0 151.25° | .0879 
| KO 9-5 | 217.45° | .0937 
} Mn,0; 0.06 | 
Reimerdes (1896)..| Borosilicate 0.802| SiO: 70.83 | 34.8° .0527 
B,O; 14.0 | 
Al,O; 5.0 | 92.3° .0552 
As,0s O.1 | 148.9° .0586 
| NaO 10.0 | 212.0° 0612 
| Mn,0; 0.07 | 
Callender (1887)...| Thermometer | Not determined? 17° | ,0685 
glass 136° | .O717 
_ 1 494° 0814 
Thermometer | Not determined © to 100° .0334 
glass 
Pulfrich (1891) Zinc and boric 
acid glass.....| ZnO 59.0 


B,0; 41.0 | 10.35° to 92.85°| .0366 
Weidmann (1891) | Borate Al. glass | B,O; 64.0 





Al,O; 30.0 0° to 100° =| .0560 
Li,O; 6.0 | 
Pulfrich (1891)... .| Heavy flint | SiO» 20.0 
PbO 79.9 | 
ASO; 0.1 24.5° to 84.0° | .0935 
Pulfrich (1891)....| Phosphate crown} P:0O; 70.5 
B,O; 3-0 
| K,0 12.0 17.7° to 92.7° .0930 
| ALO; 10.0 
| MgO 4.0 
| As»Os 0.5 
Winklemann (1891)|Soda lime glass | SiO: 73.1 
Na,O 18.5 
| CaO 8.0 0° to 100° .0968 
| As,O; 0.3 
| Mn,0; oO.I 
! | 
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TABLE |I.—Continued 








| 
| 


Glass | Chem. Comp. 





Bureau of Stand- 
ards (No. 18 
(1919).. 


Pulfrich (1891) 


Bureau of Stand- 
ards No. I! 
(1919).... 


Straubel (1891)... 


Winklemann (1891) 


Pulfrich (1893)... 


.| Normal 
mometer Jena 


(16 III) 


Soda lime glass | SiO, 74.0 


Na,O 16.1 


Potash lime glass 
(partly hygro- | 


| CaO 7.2 

| MgO, 2.7 

| Barium crown SiO, 48.73 
| BO; 3.0 

| BaO-—_-29.0 

| ZnO 10.3 

K,0 7-5 

| Na,O 1.0 

Mn,0; 0.07 

As,0; 0.4 

Barium crown SiO; 47-6 
B,O,; 4.0 

BaO 29.2 

ZnO 9.9 

K,0 6.0 

Na,O 2.0 

AsO; 1.4 

SiO, 69.5 

K,0 25.0 

CaO 5.0 


Mn,0; _ 0.2 
ther- 


mometer Jena 


(16 IIT) SiO, 67.3 
B,O; 2.0 

Na,O- 14.0 

| Al,O; 2.5 
CaO 7.0 

| ZnO 7.0 
Mn,0; 0.2 

ther- 

| SiO: 67.3 

| B,O; 2.0 
Na,O~ 14.0 

Al,O; 2.5 

CaO 7.0 

ZnO 7.0 


M nO; 0.2 





Temp. interval \Coee. x 1o* 
or mean temp. | 





21° to 474° | .1020 


18.9° to 93.1° | .0789 


23° to 499° ~| 0.0908 


0° to 100° -1016 


o° to 100° | = .0813 


| 14.6° to 92.2° | .0802 
| 
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TABLE I.—Continued 

















Observer Glass | Chem. Comp. ping hy ang Coeff. x 10 
7 | 
Thiesen, Sheel, and| | | | 
Sell (1896)......| Normal __ ther- | 
| mometer Jena | 
(16 III) SiO, 67.3 
BO; 2.0 | 
| Nas,O_ 14.0 0° to 100° .0769 
Al,O; 2.5 
CaO 7.0 
ZnO 7.0 
Mn,0; 0.2 
Henning (1907). . .| Borosilicate ther- 
mometer, Jena 
(59 III) SiO, 71.95 
B,O; 12.0 | —I91°to+16°| .0423 
Na,O_‘I1.0 
Al,O; 5.0 
| Mn,0; 0.05 
Thiesen, Sheel and | 
Sell (1896) Borosilicate ther- 
mometer, Jena 
(59 III) SiO, 71.95 
B,O; 12.0 
Na,O 11.0 0° to 100° | £0565 
Al,O; 5.0 
Mn,0; _ 0.05 
Winklemann (1891)| Borosilicate ther- 
mometer, Jena 
(59 III) SiO, 71.95 | 
B,O; 12.0 
Na,O_ 11.0 0° to 100° | .0570 
Al,O; 5.0 
Mn,0;_ 0.05 || 
Holborn and Griin- 
eisen (1901)... .| Borosilicate ther- 
mometer, Jena | 
(59 III) SiO, 71.95 | 
B,0; 12.0 | 
Na,O 11.0 | 0° to 500° .0633 
| Al,O; 5.0 


| Mn,0; 0.05 
Bureau of Stand- 


ards No. 31} 
(1919)..........| Borosilicate ther-| 
mometer, Jena! | 
(59 III) | SiO, 71.95 | 
B:O; 12.0 | 
NazO_ 11.0 | 38.5° to 488.9°| .0638 
Al,O; 5.0 
Mn;0O; 0.05 
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With few exceptions these previous investigations show the 
expansion of glass to be quite regular between —191° and +500° 
C., so that the various observers were able to represent the co- 
efficient of expansion by the equation C=a+bt. In the experi- 
ments of Callender and Holborn, however, the samples showed 
considerable contraction when held at 500° C., and M. So found 
the expansion of unannealed glass to be quite irregular in 
that region. 

II. PURPOSE. 

The investigation described in this paper was undertaken in 
January, 1918, in connection with the Bureau of Standards pro- 
duction of optical glass. The object was to determine the dimen- 
sional changes of glass in the annealing and higher temperature 
region, to find, if possible, the cause of the strain introduced while 
cooling through the annealing range, and to bring out any relation 
which might exist between the dilatation and the heat absorption 
found by Tool and Valasek ** in their study of the annealing of 
glass. Our earlier observations, made on several types of optical 
glass (presented before the American Physical Society '* and the 
Optical Society of America, December, 1918), showed a nearly 
linear expansion for about the first five hundred degrees. During 
the next one hundred degrees rise a rapid increase in the expan- 
sion occurred, and this was followed at higher temperatures by an 
apparent contraction. Since then, additional experiments on 
specimens from different kinds of plate glass, chemical glassware 
and glass tubing have been made. At the request of several 
glass manufacturers, some of their products have also been in- 
vestigated. To the apparent contraction at the higher tempera- 
tures, which is evidently a spheroiding due to surface tension, 
we have given considerable study. A complete report of the 
entire investigation, to date, together with the chemical analyses 
of most of the glasses, is presented in this paper. 


III. EXPERIMENTAL METHOD. 


The Fizeau-Pulfrich method, which has been in use for a 
number of years at the Bureau of Standards for the measure- 
ment of small dilatations, was particularly adapted for this work. 
The extreme sensitiveness of the interferometer makes it possible 





* Tool and Valasek, Sci. Paper of B. S., No. 358. 
* Peters, Phys. Rev., p. 147, Feb., 1919. 
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to work with a small specimen of the material. Furthermore, the 
small size of this apparatus simplifies the problems of uniform 
heating and temperature control. The experimental method was 
as follows: The straight fringes produced by rays of light re- 
flected from the two interferometer plates were observed with a 
Pulfrich '* apparatus. Any elongation (41) in the length (L) 
of the specimen which forms a separator for the plates, causes a 
corresponding movement of the interference fringes past a ref- 
erence mark. 

In passing from condition 1 with the plates at a distance 
apart equal to (L) to condition 2 with the plates at a distance 
equal to L + SL, a band passes the reference mark each time the 
total number of wave-lengths in the path (double distance) 
changes by one. This holds both when varying the wave-length 
and varying the distance between the plates. The number of 
recorded passages 4N is then obviously equal to the difference in 
the number of wave-lengths in the double distance under the two 
conditions. If A» represents the wave-length when a vacuum 
exists between the plates, then 
_ghtel gb 


de » a 


AN 


and the mean coefficient of expansion 
AvAN 
2LAt * 





(2) 


Maintaining a vacuum at high temperatures presents serious dif- 
ficulty, so in the present work the interferometer was operated 
in air at atmospheric pressure. The number of passages is then 
represented by 





‘tek towk 
: /2 4\ 

ef L+AL Lite 

peat ier: aca FI 

=2( 24M om -H-m / ci @ oor Ge 


. dy . . e 
where A, is the wave-length and 7,7", the refractive index of 
air under condition 1, and likewise, A, the wave-length and = i 

2 


the refractive index of air under condition 2. Since in a gas 
the excess of its refractive index over unity is proportional to 





* Pulfrich, Zeits. f. Instk., Vol. 14, p. 261, 1808. 
Vow. IV, No. 3—8 
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the density and the latter directly proportional to the pressure P 
and inversely proportional to the absolute temperature T 
Spt — 1 _ 273 P 


mto—1 T 760 


no being the refractive index at o°C., 760 mm: From this relation 


my 273 Pi 

; m = 1+ (Ho 1) 760 T, 
likewise, 

273 P:2 

Mm, = 1+ (Mo — 1) 60 T, 


Substituting these values in (3) and collecting, we obtain the 
increase in length or the dilatation. 


a 

Oe +1 im - Dee ( Fy _ 2 ) 

Pee Ree ET 
1 + (%. — 1) 273 Ps Ps 


Making the denominator of the right-hand member of this equa- 
tion equal to unity introduced an error less than 0.03 per cent. 
in our results, since me—I = .0003 and T, was always greater than 
273. We may then write 

AeAN 273 (Pi 7) 


4L=-> + L (to — 1555 T, ~ Tr 


(4 

For the yellow radiation of helium, which was used to illuminate 
the interferometer, we used Av = 5877x10°° cm. and for (m—1),” 
0.0002918. To obtain the dilatation in microns per centimetre 
(4) must be divided by Lx1o* when L is measured in centi- 
metres. To obtain the mean coefficient (4) must be divided by 
LAt, where At is the temperature interval (7,-T,). This gives, 
AL AvoAAN 273 (#o—1) (Pi 7) 


0 


C= = 








LAt 2L At + 760 At ore ° 


IV. DESCRIPTION OF APPARATUS. 


1. The Interferometer and Specimens. 


The two plates, A and B, of the interferometer, represented in 
Fig. 1, were made of fused quartz, which can be heated to 1000 
without serious injury to the surfaces. The upper surface of the 
base plate, B, was polished true plane, while the lower surface was 
left in the ground condition to avoid regular reflection from it. 





* Meggers and Peters, B. S. Sci. Papers No. 327, 1918. 
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Both surfaces of A were polished true plane and adjusted to make 
an angle of 20” with each other, so that light reflected from the 
upper surface could be diaphragmed out of the viewing apparatus. 
The circle E, 1 mm. in diameter, ruled on the lower surface of A, 
constituted the reference mark. The separator, S, the test piece, 
consisted of a section of tubing about 1 cm. long and 3 cm. in 
diameter, or a ring of these dimensions cut from a block of glass, 


Fic. 1. 








A 


B 


Interferometer. 





or a tripod made from three sections of glass rod. The end sur- 
faces of the rings were ground until parallel to one another ; then 
part of the material was cut away, leaving three triangular areas 
as bearing points at each end. These bearing points were adjusted 
to give about eight interference bands across the plates, which 
meant that the separation of the plates at H was about 2 microns 
greater than at K and L. A uniform expansion of the ring caused 
the fringe system to move toward the left, while any unequal ex- 
pansion at the three points, H, K, and L, produced also a rotation 
and change in width of the fringes. 
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2. Furnace. 


A sectional view of the electric furnace containing the inter- 
ferometer is given in Fig. 2. A porcelain tube, F, 5 cm in diam- 
eter and 30 cm long, wound spirally with a heating coil, K, is 
mounted vertically in a sheet-iron jacket and surrounded with 
insulating material. A smaller porcelain tube, E, which extends 
from the base to about 3 cm from the centre of the furnace sup- 
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Electric furnace 





ports the porcelain disc, D, the intervening space below this disc 
being filled with an insulating material. A porcelain cup, C, with 
a cover, H, acts as a container for the interferometer 4 S B and 
can be lowered into the furnace by a platinum wire until it rests 
on the disc D. The upper end of the furnace is closed by another 
porcelain tube containing two fused quartz windows, lV, and W, 
A sheet of asbestos board with a glass window, II’, covers the 
entire furnace. 

The Pulfrich apparatus which contains a helium lamp for 
illuminating the interferometer and the optical arrangement 
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necessary for measuring the displacement of the fringes is rep- 
resented by P. 

A small double bore porcelain tube containing a calibrated 
Pt Pt-Rh thermocouple T passes through the base of the furnace, 
the disc D, and the bottom of the container C, the thermo- 
couple junction being adjusted so that it nearly touches the lower 
interferometer plate B. By this arrangement the interferometer 
can be removed from the furnace without interfering with the 
adjustment of the thermocouple. The heating coil K, which has 
a resistance of 17 ohms, is connected in series with an ammeter 
and suitable rheostat to a 110-volt battery circuit. A current of 
4 amperes is sufficient to heat the furnace from room temperature 
to 600° or 700° C. at an average rate of 4° C. per minute. 

Two thermocouples were brought in through the top of the 
furnace, one of them fastened in contact with the inside and the 
other with the outside of the ring S. With a current of 4 ampéres 
heating the furnace at the rate of 4° C. per minute, these thermo- 
couples showed that the temperature of the outside of the ring 
was from 8° to 10° above that of the thermocouple T and the tem- 
perature of the inside of the ring about 3° C. above that indicated 
by T. When the current was reduced to a magnitude which held 
the temperature of the furnace constant, it required about five 
minutes for the ring and the thermocouple T to come to the same 
constant temperature. 

This difference between temperature indicated by the thermo- 
couple and the actual temperature of the sample would have an 
effect upon any absolute determination of the coefficient of ex- 
pansion, but we were concerned chiefly with what happened to 
glass in the high temperature region, so that the relatively small 
lag of the thermocouple was often neglected. 


V. EXPERIMENTAL PROCEDURE. 
1 Optical Adjustments. 

The sample having been prepared in the shape of a ring or 
tripod as described in III, the distances between the bearing points 
of the two ends were carefully measured with a micrometer. 
When the micrometer measurements showed these to be the same, 
the ring was placed between the interferometer plates. If, then, 
the fringes were found to be distinct and of the desired width, 
no further adjustments were necessary, but if they were too nar- 
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row, a slight change in the distance between one set of bearing 
points brought them to the required width. 

With these adjustments made, the interferometer was placed 
in the cup, C, and carefully lowered into the furnace. The Pul- 
frich apparatus was then brought into adjustment and the frac- 
tional part of the fringe width represented by the distance from 
the reference mark to the first fringe to the left accurately meas- 
ured. In Fig. 1 this fraction would be about 0.7. 


2. Temperature Regulation and Observations. 


After being lowered into place, about twenty minutes was 
allowed for the sample and container to assume the temperature 
of the furnace. In some cases, before proceeding with the ob- 
servations, the furnace containing the interferometer was heated 
to 100° to 200° C. and allowed to cool overnight, so that air 
films which might separate the plates from the bearing points 
would thus be driven off or at least reduced. The current from 
the 110-volt battery was then turned on and regulated to about 
4 ampéres. The temperature of the furnace which rose at the 
rate of 4° per minute was carried to as high a temperature as the 
nature of the sample would permit. The expansion of the sample 
due to this heating caused the interference fringes to move across 
the field, the number that passed the reference mark being counted. 
As every fifth fringe passed the mark, both the time and the read- 
ing of the thermocouple as shown by the potentiometer were 
recorded. With all the glasses investigated, the expansion up to 
about 500° C. was quite uniform and regular. But at this tem- 
perature, which varied with different glasses, the movement of the 
fringes became more rapid, denoting an increase in the rate of 
expansion of the glass. With a further rise in the temperature, 
the fringes continued to shift at the increased rate, then slowed 
down, stopped, and began to drift in the opposite direction, indi- 
cating a shortening of the sample. The heating continued for 
20° to 30° beyond this point was accompanied by a rapid increase 
in the contraction of the sample. At this higher temperature the 
glass was undoubtedly in a plastic condition, in most cases fusing 
onto the quartz plates. The current was reduced at this point and 
the sample allowed to cool. When the temperature had dropped 
to the region where the rapid expansion had taken place, the 
glass hardened. broke away from the plates, thus throwing the 
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interferometer out of adjustment and rendering further observa- 
tions impossible. Pieces of quartz were often torn from the sur- 
faces of the plates and the bearing points broken from the ring 
when the fracture took place. 

In a few. cases, observations were made at intervals of 50° 
to 100° C., with the temperature held constant long enough to 
eliminate the lag in the temperature of the thermocouple behind 
that of the ring. The results thus obtained were not suf- 
ficiently different from those observed under steady heating 
conditions to warrant losing the additional time required to fol- 
low this procedure. ; 


VI. EXPERIMENTAL RESULTS. 


1. Reduction of Observations. 


The dilatation or change in length of the sample in microns 
AL 
L 


per centimetre was obtained from the equation (4). 


AL — 2AN 273 (% — 1) (= 7) 
L 2L 760 *° Ti” 1: 

The value of the first term was obtained by multiplying the num- 

ber of fringes which passed the reference mark by the wave-length 


in vacuum and dividing by twice the length of the sample. The 


ame with a I cm separation of the plates were 


computed for temperatures from 0° to 1000° C. and pressures 
from 730 to 760 mm., and these plotted against the temperature. 
The value of the last term for any temperature interval was 
then read directly from the curve. No correction needed to be 
made for the small variation of the atmospheric pressure during 
the experiment. 

The mean coefficient of thermal expansion over the tempera- 
ture interval At was obtained from equation (5). 


values for 


2. Values for Mean Coefficient of Expansion. 


The mean coefficient of linear expansion of the different 
glasses as computed from equation (5) are collected in Table IT. 
Column 1 gives the number used throughout to identify the 
samples. The expansion of all the glasses, as shown in the curves 
that follow (Figs. 3-16), was very regular during the first 350° 
to 500° C. of temperature. The mean expansions in this region 
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are given in Column 4 and the temperature interval in Column 3. 
Upon heating to higher temperatures, the rate of expansion 
changed. With well-annealed glasses, the rate increased rapidly ; 
with unannealed, it first decreased for a time, then increased. The 
region in which this change occurred we shall call the critical 
region or the annealing temperature because it agrees almost 
exactly with the annealing temperature determined by Tool and 
Valask. Above the annealing temperature the samples expanded 
at the increased rate during the next 100° rise in temperature. 
Column 5 gives the temperature interval of most rapid expansion 
and Column 6 the corresponding expansion coefficients, which are 
from two to seven times the coefficients of Column 4. Above the 
upper temperature of Column 5, due to the softening of the ma- 
terial, a rapid decrease in the rate of expansion took place, fol- 


Tas_e II. 
Mean Coefficient of Linear Expansion. 








(3) 
Temp. 
Interval °C. 


) | 

(4) .. (6) 
Temp. rr 

Cxt1ot Interval °C. Cx10* 


(2) 
Designation 








| Barium flint B. S. 145-- 22 to 494 | 0.088 | 519 to 550 | 0.331 
| Plate, American... ... 19 to 461 | .099 | 563 to 579| .373 
Plate, American. . . 20 to §08 | .108 | 540 to 560 | 

Plate, American. “ih 23 to 494 | -I101 | 564 to 583 
Plate, German. . 21 to 496 | .099 | 564 to 589 | 
Plate, French. . a | 21 to $13 | .094| 597 to 613 
Light crown, B. S. 103... 24 to 422 | .104! 494 to 507 | 
Light crown, B. S. 20. Rae ee 22 to 426 | .102 | 502 to §22 | 

| Borosilicate crown, B. S. % .| 22 to 498 | .090 | 539 to 562 | 

| Barium crown, B. 's. 87.. | 23 to 499 | .090 | 589 to 610} 
Medium flint, 'B. S. 110. 23 to 402 | .097 | 452 to 478 | 

| Light flint, B. S. 188 22 to 451 | .088 | 494 to 512 | 

| Light flint, B. S. 33 , 23 to 420 | .076| 495 to 511 | 
Light crown, B.S. 103....... 24 to 422 | .104 | 496 to 505 | 
Commercial glass y 23 to 445 | .107 | §10 to 534 | 
Commercial glass... ... 22 to 452 | .103 
Commercial glass. . 22 to 464 | .102 | 523 to 552 | 

| Commercial glass. . 21 to 474 | .102 | 544 to 557 
| Macbeth Evans flask | 22 to 449 | .069 | 567 to 586) 

21 to 471 | .036 | 552 to 571 | 
Schott & Genossen flask 19 to 414 | .056| 540 to 562 | 
Soda tubing .... Beto’ 21 to 372 | .120| 506 to §25 
Lead tubing. or 21 to 338 | .0g1 | 464 to 483 

| Lead tubing. . wi 21 to 345 | .096| 457 to 477 

Fluorite tubing. és | 22 to 364 | .098 | 510 to 551 | 
Lead tubin .....] 21 to 333 | .097 | 430 to 469 | 
Vacuum = A tubing. ...+.| 23 to 405 | .116 | 509 to 545 
Fusing in glass, German | 23 to 383 | .090/| 456 to 481 
Fusing in glass, Corning 22 to 376 | 083 460 to 485 
ian ae tikotp aun... ....| 38 to §22 | .064 | 564 to 600 
Jena 59 III Lto axis 22 to 491 | .062 | $62 to rth 
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lowed by a contraction. The region where the change from 
expansion to contraction occurred is represented by the maximum 
ordinate of the curves, and we shall call the corresponding abscissa 
the softening temperature. 


3. Chemical Composition. 


Table III gives the chemical composition of the different 
glasses, those for the samples marked with an asterisk being 
based upon chemical analysis, while the rest give merely the 
batch composition. 

TaBLe III. 
Chemical Composition. 








— — | _ = — = 
No. | SiOz | CaO | NazO |As:0;|MgO | K:0 |Sb20 3|Fe203|Al,03 | ZnO B:0s| BaO | PbO 























2 |98.8)...] 8.7] « 7 } a ee + | 25] 17/143 12.7 
3° | 71.3/| 12.5] 13.4| 0.9 | 0.3 I : I | 
4° |72.0/10.2/16.2| .3 S SB 
5° |71.5|12.4|13.7| «1 a] 
6* | 72.5 | 11.5 | 13.8 2 5 ‘eo 
7* |71.3| 14.7 | 10.4 4 > 
8 | 67.0) 12.0| .4 5.0 coe de | 1.5| 3-5| 10.6 
9 68.6 12.0; .2 5.0 | eaves 1.0| 3-5| 9.7] 

10 66.5 9.8| .2 5.9 | | 2.0| 7.8 78) 

11 47-6| ~| Sai 84 6.0 | 9-9| 4.0) 29.2) 

12) | 44-3| 3-0) 3-5| -2 5.0 | rar. 
13 §3-9| 2.0) 1.0] .3 7-6 35.2 
14 /|540| 2.0) 1.0) 3 6.0 | 36.7 
15 67.0 12.0| .4 5.0 1.5| 3-5| 10.6 

16 74-0| §.8/ 17.1 3-1 

17 |743)| 5-5) 17-2) . 3-0 

18-19 | 74.0) 7.2) 16.1 2.9 

20* | 73.0 7/\10.8 4-3 a 6 4/|1.0| 5.6) 3.6 

21° |80.5| .3] 4.4| .7/| «1 2 .3 | 2.0 11.8 | 

22° _| 94-7 6| 7.§| .1 2 4 3 | 4.2 | 10.9) 10.9 

31°-32"| 71.9 |} 11.0) 5.0 12.0 
™ ' » OL 
J. Final Values of F 


In the following curves (Figs. 3 to 16, inclusive) the dila- 
tation AL (in microns (#) per centimetre) of samples of glass 
about 1 cm. long are plotted as ordinates and the temperature (in 
degrees centigrade) as abscisse. The initial temperature was 
very nearly 20° C. in each case. 

Five separate determinations on a sample No. 1 of Barium 
Flint (B. S. 145) optical glass are represented in Fig. 3. In the 
first run the furnace was held at constant temperature for 15 
minutes before each measurement was made, while in the others 
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a steady heating was maintained throughout and the observations 
taken when every fifth fringe passed the reference mark. Below 
510° C. the expansion was nearly linear and identical for the 
different determinations. Between 510° and 530° C. (the criti- 
cal range), the rate of expansion increased rapidly. This rapid 
expansion continued up to 580° to 590° C. With further heating 
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Thermal dilatation of optical glass. 


the rate decreased, contraction setting in at 608° C. At 620° C. 
the current was cut off and the sample allowed to cool. In three 
cases, after cooling to about 590° C., then heating again, the 
sample expanded up to 610°, then contracted as before. 

In the fourth and fifth determinations, observations were 
made of the contraction during the cooling process. When the 
temperature reached the critical region, the ring suddenly broke 
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away from the quartz plates, throwing the interferometer out of 
adjustment and making further measurements impossible. In 
the first curve for all points below 500° C., the sample stopped 
expanding several minutes before the thermocouple came to con- 
stant temperature. The lag of the thermocouple caused this curve 
then to fall to the right of the rest, which were obtained from 
steady heating. At 523° C. on this curve the ring continued to 
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Thermal dilatation of barium flint glass, B.S. 145. 


expand even after the thermocouple indicated a slight decrease in 
the temperature of the furnace. At 565° C. the behavior was 
again similar to that at the lower temperatures. 

Fig. 4 shows the expansions of two specimens of Barium Flint 
(Nos. 1-2) which were cut from two blocks out of the same 
melt. Both samples show exactly the same expansion from 20° 
to 510° C., a rapid increase at about 515° C., then a contraction 
at about 600° C. No. 2, on being cooled to 570° C., then reheated, 
showed a contraction at approximately the same temperature as 
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before. On being cooled a second time and a larger heating cur- 
rent applied, the contraction took place at a slightly increased 
temperature. For Fig. 5, sample No. 2 was heated to the critical 
temperature, then allowed to cool slowly. It returned to its 
original length at 160° C., the separation of the two curves being 
due to the lag of the thermocouple. On reheating it was taken 
above the critical temperature and allowed to cool relatively rap- 
idly. The sinuous shape of the second cooling curve shows the 
irregular contraction in passing through the critical range. This 
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Thermal dilatation of barium flint glass, B.S. 145. 


was accompanied by an unequal contraction of different parts of 
the ring as indicated by the rotation of the interference fringes. 

The expansion of a specimen (No. 3) of “ Pittsburgh plate 
glass ” is shown in Curve 3, Fig. 6. The curve labeled “ Time of 
Heating,” which is plotted with time in minutes as ordinates— 
magnitudes indicated on the right—shows the time that elapsed 
while the sample was being heated, cooled or held at a constant 
temperature. Raising the temperature at a uniform rate from 
20° to 480° C. in 80 minutes caused an expansion of 45 microns. 
The temperature of the sample was then held constant at 488° 
C. for 35 minutes, during which time no expansion or contraction 
occurred. During the next 20 minutes, the temperature was in- 
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creased to 560°, where it was again held constant for 15 minutes. 
Here an elongation of 3 microns was observed. During the next 
10 minutes the temperature was raised to 588°, and upon being 
held constant for 25 minutes, the sample showed a contraction 
or shortening of 3 microns. The heating current was then re- 
duced so that the sample cooled to 470° in 45 minutes. Upon 
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Thermal dilatation of plate glass. 


increasing the current, the sample expanded over that part of 
the curve represented by the circles, until the temperature reached 
624° C., where contraction began. 

The expansions of four different kinds of plate glass, Nos. 4 
to 7, are represented by the curves in Fig. 7. These samples were 
heated at the same rate, and all showed practically linear expan- 
sion up to 500° C. All the samples showed above the annealing 
region a rapid increase in expansion, which above the softening 











126 C. G. Peters anp C. H. CRAGOE. 


temperature was followed by a contraction. The temperatures 
at which these variations took place were different for the differ- 
ent glasses. In each case observations were made on the cooling 
curve until the ring broke away from the quartz plates. It should 
be noticed that with all four samples this rupture occurred in the 
critical region. These samples fused so firmly to the quartz plates 


Fic. 7. 














== = ————F 


MM per (M 


ois tmamindlieaiaeeael 


a 





AL un 











— 
3 








¢ 























} 
° 0 200 Joo 400 S00 600 7Q0 600 
Degrees Centigrade 





Thermal dilatation of plate glass. 


that the bearing points of the ring were broken and pieces of 
quartz 3 mm. across were sheared from the surface of the plates. 

By referring to Table II, it will be noticed that the samples 
3, 5, and 6, which show almost the same expansion, are very 
nearly identical in their chemical composition. No. 4, which has 
a higher Na,O and lower CaO content, has a higher rate of ex- 
pansion and a lower critical temperature, while in the case of 
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No. 7 with a lower Na,O and higher CaO content the reverse 
is true. 

Figs. 8, 9, and 10 represent the expansion of nine different 
kinds of optical glass made at the Pittsburgh Laboratory of the 
Bureau of Standards. These curves show the rapid increase in 
the rate of expansion, followed by a contraction above the soft- 
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ening temperatures. The critical temperature varied from 440° 
C. in the case of No. 12 to 570° C. with sample No. 11. Likewise, 
the softening temperature varied in the same sequence from 
520° C. with sample No. 12 to 660° C. with No. 11. In the case 
of sample No. 12, Fig. 9, the effect of the fracture in cooling was 
so slight as to permit observations to be taken down to 280° C. 
The cooling curve is very nearly parallel to the heating curve, 
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and the separation of the two shows a permanent shortening of 
the sample. 


Observations made of the expansion of four samples of com- 
mercial glass are represented by the curves in Fig. 11. These 
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show the same general characteristics as those of previous experi- 
ments. In the case of sample No. 16, the lag of the thermocouple 
was increased by a much higher rate of heating. Sample No. 17 
was brought to a steady temperature at 530° C. and heated at a 
relatively slow rate during the remainder of the experiment. 
Glasses 20, 21, and 22, Figs. 12 and 13, are samples of chemi- 
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cal glassware obtained by cutting ring sections from Florence 
flasks. Sample No. 21 (Pyrex) has high silica content and a low 
expansion, but at the higher temperatures it follows the same 
general characteristics of other kinds of glass. No. 20 (Macbeth 
Evans) showed a slight decrease in the expansion between 450° 
and 550°, followed by an exceptionally large and rapid increase 
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in expansion. This decrease in the rate of expansion in the tem- 
perature region 400° to 500° C., which is doubtless due to the 
unannealed condition of the glass, is also in evidence in the curves 
of Nos. 23 and 24, but in these the increase in expansion is 
moderate as compared with No. 20. The first measurements on 
the expansion of No. 22 Jena are shown by the crosses in Fig. 13. 
In this case the glass was heated to 445° C., held constant at this 
Vor. IV, No. 3—9 
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point about twenty minutes, then allowed to cool. The separa- 
tion between the heating and cooling curve represents the double 
lag of the thermocouple behind the sample. The second measure- 
ments, made the following day, are represented by the circles. 
Upon passing the temperature 445° C., the sample contracted 
slightly, then continued to expand at its previous rate. No. 23 
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was cut from a length of soda glass tubing and No. 24 from lead 
glass tubing, both had been cooled quickly in air and put under 
high strain, the existence of which is indicated by the decrease 
in their expansion rate in the critical region. With No. 24, the 
heating was continued approximately 70° beyond the softening 
point, the rise in temperature being accompanied by a rapid in- 
crease in the rate of contraction. Of those represented by Fig. 14, 
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No. 25 was cut from a length of soda lime tubing of 21 per cent. 
lead content, No. 26 from white fluorite tubing of low lead con- 
tent, and No. 27 from a potash lead tubing of 20 per cent. lead. 
All of these samples showed first a decrease, then an increase 
in the rate of expansion in the critical region. 

The curves in Fig. 15 represent the thermal expansion of glass 
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(Nos. 28, 29, 30) recently used in making rare gas lamps at the 
Bureau of Standards. Many of the lamps cracked near the plati- 
num electrodes, and it was thought that the “ Corning” sealing 
in glass might have a different thermal expansion from the Ger- 
man glass previously used. Both kinds were found, however, 
to have almost identical thermal expansion, as shown by curves 
29 and 30. The curves indicate that these were lead glasses very 








132 C. G. Peters anp C. H. CRracoe. 


similar to No. 24. The expansion of the tubing used for making 
the lamps, however, as shown by curve 28, has a thermal ex- 
pansion, annealing temperature and softening temperature very 
different from these which account for the breakage of the lamps. 

An interesting condition is shown by the results of Fig. 16. 
Curve 31 represents the longitudinal, and 32 the radial expansion 
of sections cut from the capillary of a Jena 59'!! thermometer, 
Fic. 13. 
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graduated to read 560° C. They show that 500° C is the upper 
limit at which this kind of a thermometer could be used without 
injury. As stated before, Holborn and Griineisen found a per- 
manent contraction in this glass after it had been heated to 550° 
C. Our curves show that a definite contraction is to be expected, 
for 550° C. is certainly within the critical region. With both 
samples heated at the same rate, No. 32 continued to expand 40° 
beyond the softening temperature of No. 31. The permanent 
shortening of 20 microns in No. 31 after it was heated to 640° C. 
is shown by the separation of the heating and cooling curves. 
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5. Dimensional Change Above the Critical Temperature. 


The measurements described in the preceding sections show 
that below the critical range, glass has a regular expansion and 
contraction, retains its dimension when held at a given tempera- 
ture for a long period and returns to its original length on being 


Fic. 14. 
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Thermal dilatation of commercial glass. 


carried through a temperature cycle. That is, it may be consid- 
ered as a solid. Upon passing through the critical region, that is, 
above the first bend in the curves, it seems to soften or become 
viscous. When held at a constant temperature in the critical 
region, there is first an expansion, then a slow contraction. This 
took place at 525° in sample No. 1 and 560° in No. 3. When 
held constant at points above the critical region, the rate of con- 
traction increases with the temperature. The highest part of 
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the curves which we have called the softening region gives the 
temperature at which the contraction, due to the softening, is 
just sufficient to overcome the expansion due to the heating. At 
higher temperatures contraction predominates, as indicated by the 
rapid drop in the curve. 
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Thermal dilatation of vacuum tube glass. 


To obtain some data on the actual rate of contraction above 
the critical temperature, the dimensional change at constant tem- 
perature of Nos. 2 and 11 was measured, and the results plotted 
in Fig. 17. The ascending parts of the curves represent the ex- 
pansion during heating, while the descending parts show the con- 
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traction when the temperature was held constant for the indicated 
number of minutes. From determinations made in this way the 
rates of contraction of Nos. 2, 8, and 11 were computed for the 
different temperatures, and the results plotted in Fig. 18, with 
rate of contraction in microns per minute as ordinates and the 
temperature in degrees centigrade as abscisse. A comparison 
of these curves with those representing the thermal expansion 
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Thermal dilatation of thermometer glass. 


reveals the fact that the contraction rate is very small, about 0.o1p 
per minute, in the critical region, that it increases slowly in the 
range containing the high expansion rate and rapidly be- 
yond the temperature corresponding to the maximum of the ex- 
pansion curve. 

Considering the nature of this contraction we find that it is 
irreversible, that is, the sample undergoes a permanent decrease in 
length as shown by the cooling curves. This shrinking may be 
due to several causes. The most natural explanation is that the 
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sample settles under its own weight, plus that of the cover plate. 
Since, however, the weight was only a few tenths of a gram per 
square mm. and since samples of different sizes and shapes did 
not differ as much as they should, we were led to believe that 
the weight was not the only cause of the contraction. To test 
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this point further, R. L. Coleman and J. O. Eisinger, of the ex- 
pansion laboratory of the Bureau of Standards, determined the 
expansion of a glass rod 30 cm. long and 1 cm. in diameter, by 
a micrometric method. For this purpose, the sample was mounted 
horizontally on a sheet of asbestos inside a porcelain tube and 
heated in the electric furnace described and used by Souder and 
Hidnert.1*° Their measurements were made with micrometer 





“ Souder and Hidnert, B, S. Sci. Papers No. 352. 
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microscopes sighted upon wires hung from transverse grooves 
cut near the ends of the rod. In the first determination, Fig. 19, 
the sample showed a decrease in the rate in the critical range, 
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found in unannealed glasses, followed by a rapid expansion rate. 
At the softening temperature, it stopped expanding and con- 
tracted slightly. On returning to the original temperature, not- 
withstanding its horizontal position, a permanent contraction of 
0.6 mm. was registered. In the second determination heating the 
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sample 100° above the softening point caused it to contract rap- 
idly and show a permanent shortening of 1.5 mm. Thus, in this 
experiment, although the rod was free to expand in a horizontal 
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Thermal dilatation by the micrometric method. 















































direction, uninfluenced by the force of gravity, a contraction took 
place similar to that obtained with the interference method where 
the sample supported its own weight. The observed contraction 
must, therefore, it seems, have been due to either shrinking of the 
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material or spheroiding by surface tension. In the first case, there 
should be a decrease in volume, and in the second an increase in 
diameter along with the decrease in length. To test for a possible 
volume contraction, blocks were made from glasses Nos. 1 and 10 
and their volumes, before and after heating, determined by E. L. 
Peffer, of the volumetric laboratory of the Bureau of Standards. 















































Fic. 20. 
qq =— T T -— —+ -—- - | ———_—_——_——y"'6 
oe game L 
=P — 4 - - 4 : "$ 
} 
| | 
}-—_—_—_— 4 _ + “ 
| 
| 
| 
“p> —+-—- s 
> 
GS | 
Pa | 
aT ‘s 
= | | © 
= | | : 
4 = 
3 - GQ 
| : 
Us 
| z 
ho S 
| j | 
i | | 
a 2 t 
| 
} 
| | | | 
J a es See eee Orley se 
le ase 400 a rd SS0 6oc sso Qu 





Osyrees Centigrade 


Thermal dilatation and heat absorption of barium crown glass, B. S. 87. 


The results given in Table IV show that heating No. 1 for one 
hour at 640° C., which is 30° above its softening temperature, 
caused a slight increase in the volume. A second heating at 650° 
C. for two hours produced a small permanent decrease in the 
volume. Sample No. 19 showed a slight increase in volume after 
being held for 2.5 hours at 650° C., which is 40° above its soften- 
ing temperature. 
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TABLE IV. 
7 = —__—_————_—_———_—_—_—_—_—_—_———— jl — 
; | Original | Final Original Final 
Sample Temp Time | Vol. ee Vol. ce Wt. anne. Wt. ome. 
DS Sea Ei) a Sis 4 oi oe PE Ss Bee ee et See — 
No. I 640°C 1 hr. 31.554 31.614 | 94.185 94.182 
No. 1 650°C 2 hrs. 31.614 31.604 94.182 94.182 
No. 10 650°C 2.5 hrs. 28.799 28.864 | 75.301 75-300 
Fic. 21. 
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Thermal dilatation and heat absorption of light flint glass, B. S. 188. 


No measurable change in the weight of the samples was pre- 
duced by this treatment. 

These results prove that no appreciable permanent volume 
contraction is produced in the glass by heating it to the tempera- 
tures mentioned above, for here a volume contraction comparable 
with the measured linear contraction (3 per cent. in two hours) 
would have caused a decrease in the volume of the block of about 
3.c.c. The permanent linear contraction, which Callender ascribed 
to a change in structure of the material, must, therefore, be due 
to a spheroiding of the sample. To test this last assumption, three 
sections I cm. long and 0.5 cm.in diameter were cut from the capil- 
lary of a thermometer and their longitudinal expansion, repre- 
sented by curve 31, Fig. 16, measured. The radial expansion of 
three more sections from the same capillary is represented by 
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curve 32. These curves show that with both sets of samples, 
heating at the same rate the softening temperature of No. 32 
was 40° higher than for No. 31. With the longitudinal samples, 
the surface tension works with gravitational force, while with the 
radial samples it works against that force, causing the expansion 
at the higher temperature. Of course, when the radial samples 
reached their softening temperature, the surface tension was in- 
sufficient to support the weight. 


6. Comparisons of Dimensional Changes and Heat Absorption. 


A comparison of the heat absorption curves of Tool and 
Valasek with the thermal expansion curves for the same glasses 
(11 and 13) is readily made from Figs. 20 and 21. The ascend- 
ing part of the curves marked “ Heat Absorption” indicates an 
increase in the absorption of heat by the glass. The heat absorp- 
tion commences in the critical region, increases in the range of 
rapid expansion and falls off in the softening region. An equally 
good agreement between the two effects was found for the other 
glasses listed in Table Il. W. P. White ** observed a difference 
in the specific heats of glass above and below this region, and it is 
probable that other properties would show a change. In order 
to test the effect on the refractive index, we are now preparing 
to measure, by an interference method, the refractive index of 
glass plates in the critical and higher temperature regions. The 
cause of these phenomena may be the melting of some of the con- 
stituents of the glass, or the melting of the compound as a whole. 
Whether or not we conclude that glass melts or starts to melt 
in the critical region depends mostly on our definition of solid 
and liquid. Feild and Royster * give melting points, for their 
silicates, between 1200° and 1400° C. They define the melting 
point as the temperature at which the fluidity becomes zero. Our 
measurements on the rate of softening (Figs. 17 and 18) show 
that the glass starts to flow at the critical region, about 500° C., 
the rate increasing with the temperature. These values can be 
expressed, as were those of Tool and Valasek obtained from the 

6.-0 
strip-bending experiment, by Tyman’s equation Tg=T,e (=) 








* White, Am. Jour. Sci., Vol. XLVI, Jan., 19109. 


* Feild and Royster, Bureau of Mines, Tech. Paper 189, 1918, 
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where Tg and 7> are the relaxation times at temperature @ and 4, 
and K is a constant. Since the fluidity increases expotentially, 
any determination of the melting point will depend on experi- 
mental method and sensitivity of the apparatus. Instead, there- 
fore, of speaking of a melting point, it seems better to say that 
glass has a softening range, which can be located by the varia- 
tions in the different properties. 


7. Annealing Temperature. 


The rate of expansion of glasses Nos. 23 to 30 decreased on 
approaching the criticial region, and Nos. 29 and 30 show even 
acontraction. These samples, Nos. 23 to 30, were all taken from 
badly strained pieces of commercial tubing, and it is very prob- 
able that the decrease in expansion rate was due to the presence 
of these strains, because the well-annealed glasses Nos. 1 to 22 
do not show a decrease. The same behavior was observed by M. 
So (loc. cit.) for annealed and unannealed rods 1 to 2 mm. in 
diameter. For unannealed glass, he found contractions in the 
ciitical region, but these disappeared after the glass had 
been annealed. 

It seems probable that most of the strains that exist in a piece 
of glass are introduced when it cools through the critical region. 
When cooled rapidly the outer shell reaches the critical tempera- 
ture first and hardens or solidifies while the inner part still con- 
tracts at the rapid rate which puts the outer shell under a high 
tension. When the sample is reheated the outer shell softens first 
and the tension of the inner part causes a contraction. 

From these considerations it seems that most of the strain 
introduced depends upon the magnitude of difference in the ex- 
pansion coefficients above and below the critical region, and the 
rate of cooling. Samples 11 and 22, for which the differential 
expansion is large, require much more careful cooling than Nos. 
14 or 23, for which it is small. For real thorough annealing the 
glass should be held for a long time at a temperature near the 
middle of the critical region. For more rapid annealing the 
sample can be held above the critical region, then cooled very 
slowly through that region and more rapidly the remainder of 
the way. 

The annealing and critical ranges of several optical glasses, 
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as determined by Tool and Valasek, are compared in Table V 
with those obtained from our expansion measurements. Their 
values for the heat absorption range are given in Column 3, A 
and B, and the annealing temperature and the upper limit for an- 
nealing, 1.e., the highest temperature to which the glass can be 
heated without noticeable deformation, in Column 6. 


TABLE V. 





Critical Range of Heating Annealing Range 





| 
(1) (2) } (3) 
| 


win | (6) (7) 

. evil Opt. Method Expansion 
No. | Name Heat Absorption| Rapid Critical (Tool) ethod 

| (Tool) |Expansion| Region | Ann. Upper| Ann. Upper 


é Temp. Limit|Temp. Lumit. 
| |\A#ro°C, Be5°C.) A B A B j#1rs°C. #15°C.|#10°C, #10°C 





1 |Barium Flint! 














No, 145.....| 520 560 |520 570|500 525) 515 550 | 510 580 
9 |Light Crown} 

Serre | 495 525 |500 525/460 500] 480 530 | 480 530 
10 |Borosilicate| 

Crown No. 94) 515 5®5 |535 579/515 535) 525 55° | 525 590 
11 |Light Barium| 

Crown No. 87| 575 605 (585 610/545 585| 570 610 | 565 620 
12 |Medium Flint 

No. 110.....| 455 485 |450 680/430 450} 460 510 | 440 5c0 
13 |Light Flint) 

| No. 188.....| 485 525 |490 525/460 490) 485 510 | 475 540 








Column 4 represents the range of rapid expansion corre- 
sponding to the straight part of our curves; Column 5, the critical 
range; and Column 7, the annealing temperature and upper limit 
for annealing, which were estimated from the expansion curves 
and the rate of softening of the glass. The values of Column 3 
and 4 show the close agreement between the heat absorption re- 
gion and the range of rapid expansion. The annealing tempera- 
ture of Column 7 which is the mean of the critical region Column 
5 agrees very well with the annealing temperature obtained by 
Tool and Valasek by the crossed nicol method. Their values for 
the upper limit are about the same as we obtain from the soften- 
ing curves. Both methods, therefore, give the location of the 
annealing temperature and upper limit for annealing. The ex- 
pansion measurements give also the coefficients of expansion. 
above and below the critical region, which make it possible to esti- 
mate the thermal resistance of the.glass and the magnitude of the 
strains that a given annealing process would produce. 
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VII. SUMMARY. 


A review of the previous researches on the thermal expansion 
of glass shows that most of the determinations were confined to 
the temperature region below 100° C., except in a few cases where 
glasses of unknown composition were taken to 500° C. In this 
investigation undertaken in connection with Bureau of Standards’ 
production of optical glass, the dimensional changes of varicus 
glasses in the annealing and higher temperature region were de- 
termined. Upon requests from several glass manufacturers, a 
number of their commercial products were also investigated. 

The Fizeau-Pulfrich interferometer is particularly well adapt- 
ed for this work, since the extreme sensitiveness of the interferom- 
eter makes it possible to use small specimens and the small size of 
this apparatus simplifies the problems of uniform heating and 
temperature control. Using straight fringes produced by the 
yellow radiation from a helium source the dimensional change 
for a given temperature interval was given by the number of 
fringes which passed the reference mark on the front interfer- 
ometer plate. Observations were made in temperature regions 
between 20° and 650° C. on 32 different kinds of glass. Their 
dimensional changes are represented by curves which show that 
the glass passes through a critical expansion region, in which the 
expansion rate increases by two to seven times. This critical 
region which for any one glass does not exceed 40°, was found 
as low as 400° C. with Nos. 24 and 30 and as high as 575° C. 
with No. 11. About 75° above the critical region, the glass 
softens and contracts. A comparison of results shows that the 
heat absorption observed by Tool and Valasek occurs in the same 
temperature region as the critical change in the expansion. 

From these determinations of the dimensional changes of 
glass, the following information is obtained: the thermal ex- 
pansion above and below the critical temperature, the tempera- 
ture for most careful and thorough annealing, the upper limit for 
rapid annealing and the region where careful cooling is essential. 
Wasurncrton, D. C. 

















ATOMIC THEORY AND LOW VOLTAGE ARCS IN 
CESIUM VAPOR.* 


BY 


PAUL D. FOOTE and W. F. MEGGERS. 


THEORETICAL. 


On the basis of several possible theories of atomic structure, 
it is shown that the normal operation ot an arc below ionization 
might result in the excitation of a single line spectrum, a single 
series spectrum, or a group spectrum consisting of certain lines of 
different series. This latter conclusion follows from an extension 
of Bohr’s theory. Thus, if inelastic electronic-atomic impact oc- 
curred, resulting in the ejection of an electron to the pth ring, 
the e.ectron in returning to the nth ring or equilibrium may pro- 
duce any combination of lines presented by interorbit transitions 
within this range, the single line spectrum being a special case 
where p=n+ I. 

A simple explanation is offered of fluorescence phenomena 
in vapors of the alkali metals. 

A mechanism of absorption of radiation is described and the 
theory proposed by K. Compton that the ionization of an atom be- 
low the ionization potential may be explained by absorption of 
radiation arising in other atoms from electronic-atomic impact 
of insufficient energy to ionize is further discussed. This hypoth- 
esis suggests that vapors of the alkali metals may be so stimulated 
that the first and second subordinate series lines, instead of the 
principal series, tend to become absorption lines. 


EXPERIMENTAL. 


The cesium spectrum was photographed for various accelerat- 
ing voltages from A3878 to Ag208 by use of dicyanin-stained 
plates. The sensitivity of the plates was investigated by density 
measurements of the spectrum of a black body having a known 
energy distribution. The general characteristics of the plates 
were determined and all lines of the cesium spectrum were re- 





* Abstract of forthcoming Scientific Paper of Bureau of Standards. 
Vor. IV, No. 3—10 145 
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duced to an absolute scale of intensity by means of density 
measurements made with a microphotometer and consideration 
of the plate sensitivity. No evidence of group or single series 
spectra could be obtained. Thus the ratio of intensities of the first 
and second lines of the principal series, both of which should 
appear in a single series spectrum or above 2.7 volts in a group 
spectrum, rapidly approaches infinity as the accelerating potential 
in the arc is decreased. This ratio is 350 in a 7-volt arc, 2100 
at 4 volts, 10,500 at 3.4 volts and as near infinity as can be meas- 
ured at 2.8 volts. Similarly the intensity ratio of either 1.55 — 
2p, or 1.5s— 2p, to any other line approaches infinity at low volt- 
age, proving for the first time the existence of a single line spec- 
trum rather than a single series or group spectrum; in the case of 
czsium the doublet 48521 and 8943. 

The doublet 1.5s—2p is alone produced under excitation of 
1.5 to 3.9 volts accelerating field. The intensity of both of these 
lines gradually increases approximately proportional to the total 
number of electrons reaching the anode until the ionization po- 
tential is reached. At this point a pronounced decrease in intens- 
ity of these two lines occurs amounting to the factor one third. 

This decrease takes place at the voltage at which the complete 
line spectrum is produced and is readily explainable on the basis 
of Bohr’s theory; in fact, it affords a strong argument for this 
theory. Thus the lines 1.5s—2p, are the result of inelastic col- 
lision with electrons having velocities between 1.45 and 3.9 volts, 
but as the latter voltage is exceeded electrons, which at a slightly 
lower velocity would have given rise to 1.5s— 2p; , now produce 
the complete series spectrum ; and any line of the series 1.55 — mp 
where m > 2 is necessarily excited at the sacrifice of 1.5s— 2p). 

Above a certain voltage, the intensity of any line per unit 
number of electrons reaching the anode attains a saturation value, 
in agreement with the quantum hypothesis which requires that 
the number of quanta radiated be proportional to the number of 
collisions, and hence (approximately) to the number of elec- 
trons present. 

Curves are given showing the relative intensities of the promi- 
nent czsium lines at various voltages. The ratio of intensities 
of the components of the first doublet of the principal series 
A8521/A8943 is constant and equal to 1.5 from 1.5 volts te 
120 volts. 
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The cesium arc of the type employed does not rectify alter- 
nating current of 120 volts. 

Sodium and potassium occurring as an impurity of the cesium 
similarly exhibited the single line or doublet spectrum 1.55 — 2p; 
below their respective ionization potentials. 

Only two types of inelastic impact between electrons and 
atoms of the alkali metal vapors occur, at potentials known as the 
resonance and ionization potentials and given by the quantum 
relation hy=eV where y=1.5s—2p, and r= 1.5s respectively. 
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DISPERSION IN OPTICAL GLASSES. I. 
BY 


F. E. WRIGHT. 
Geophysical Laboratory 


A FUNDAMENTAL requirement for optical glass is high trans- 
parency and freedom from color ; this precludes the presence of an 
appreciable absorption band in the visible spectrum, the ultra- 
violet, or the near infra-red; in other words, the dispersion curve 
throughout the visible spectrum is restricted to that portion of the 
curve which is distant from an absorption band. Most optical 
glasses are, moreover, essentially silicate solutions in which silica 
plays a dominant role and is ordinarily, in volume at least, present 
in excess. This fact finds expression in the dispersion relations 
of optical glasses. 

Following the suggestion of Abbe, it is customary for glass- 
makers and for the designers of optical systems to express the 
optical constants of a glass by stating its refractive index, np, for 
sodium light ; its partial dispersions between the 4’, C, D, F, and 
G’ spectrum lines (nc—n4-, np—Nc, Np—Np, Ng —Nrp ) ; its mean dis- 
persion, (mp— Mc ) ; its partial dispersion ratios (the lengths of the 
different parts of the spectrum in terms of the mean dispersion) ; 
and its »-value which is in effect the excess refractivity expressed 
= =). The reciprocal of the 
p-value is called the dispersive power. The importance of the 
partial dispersion ratios and the »-values arises from the fact 
that the degree of achromatism attainable by a combination of 
two glasses depends directly on the difference between the partial 
dispersion ratios and inversely on the difference between 
the »-values. 

These relations are so important that optical glasses are com- 
monly studied from this viewpoint ; changes in the characteristics 
from glass to glass are commonly represented by plotting the 
partial dispersions or the y-value against the refractive index, np. 
This method serves to place the different types of glasses into 
different fields and affords an opportunity for a study of their 
optical characteristics. 

Another method of representation (Fig. 1) is to plot the re- 
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tive length of the red to that of the blue end of the spectrum. In 
this plot those glasses which have the same relative lengths of the 
spectrum but different refractive indices lie on the same ordinate ; 
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spectrum to that of the blue end, is plotted against the refractive index m -) for a series of differ- 
ent types of silicate optical glasses. 


it is, therefore, a simple matter to select from this diagram those 
glasses which have similar dispersion relations. From a knowl- 
edge of the chemical compositions it is, moreover, not difficult by 
means of this diagram to interpolate and to determine the ap- 
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proximate composition of a glass which shall have a given refrac- 
tivity and dispersivity. 
If now we disregard the refractive index and consider only 
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In this figure the partial dispersions tp — mp and "7~,— * p, of all silicate optical glasses 


listed by Parra-Mantois and by Schott, are plotted as ordinates against the partial dispersion 
py — "ay 28 abscissz. The result in each case is a straight line. 


the dispersions, certain remarkable relations appear which are 
interesting and important both to the glassmaker and to the lens 
designer; incidentally from these relations new types of dis- 

















DisPERSION IN OpticaL GLaAssEs. I. I51 


persion formulas will be developed; but their present forms are 
only tentative and subject to modification later. 

A number of different dispersion formulas have been pro- 
posed, and express with more or less success the dispersion rela- 
tions in optical glasses. Some of these are deduced from general 
theoretical considerations; others, especially the Hartmann dis- 
persion formula and the new formula proposed by Nutting, are 
empirical equations containing two or more constants. It is not 
the purpose of this paper, however, to discuss these dispersion 
formulas, but rather to emphasize certain dispersion relations 
which are characteristic of all optical glasses. 

The data on which the studies are based are contained in the 
lists of optical glasses manufactured by Parra-Mantois, of Paris, 
and by Schott, of Jena, as well as the 27 glasses measured with 
extreme precision by J. W. Gifford. The total number of glasses 
thus considered is 316, and every type of silicate optical glass 
is included in the list. 

In Fig. 2 the partial dispersions of the silicate glasses,np—np 
and ng—ny,,respectively, are plotted against the partial dispersion, 
Nq —n,; the plot includes the entire foregoing list of 316 glasses, 
except the densest flint S 386 of Schott. The result in each case 
is a straight line; the parts of each line covered by the several 
types of glasses are indicated in the figure. The distance of the 
individual points from the straight line is ordinarily less than one 
unit in the fourth decimal place. Except for the dense barium 
crown glasses the distance is commonly only a few units in the 
fifth decimal place. If n,, m2, n;, m, and m,’, n.’, n,’, m,’ are the 
refractive indices of two optical glasses for any four spectral 
lines I, 2, 3, 4, respectively, then the straight lines in Fig. 2 prove 
that the following relations are valid (within one or two units in 
the fourth decimal place for each refractive index) : 





(m4 — ms) — (me) — ms’) _ 

in-a-@-m* Ae see Ss ee ee 
or 

m—m = a[(m—m) +]. ee aa ae 


If the dispersion curve for one typical glass is known, then 
the whole series of dispersion curves are definitely fixed to the 





* Proc. Roy. Soc., 87, 190-191, 1912. 
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degree of accuracy indicated by Fig. 2, and the dispersion for any 
other optical glass can be read off directly if only one partial 
dispersion is known. This conclusion is significant and implies 
that two constants suffice to express the refractivity relations (to 
the fourth decimal place) of an optical glass in the visible spec- 
trum. The slight departures from the straight line relation can 
be taken into a¢count by the introduction of a third constant, as 
will be indicated in a later paragraph. This straight line relation 
imposes strict limitations on the glassmaker; once a partial dis- 
persion of a glass is given the dispersion curve for the visible 
spectrum follows; the glassmaker is able as a result to change 
only the refractive index and to hold the dispersion relations 
constant or vice versa. It is possible to prepare a table or a graph 
listing, in an ascending series of values for any given partial dis- 
persion, the corresponding partial dispersions throughout the 
visible spectrum. These values, however, may differ from the ob- 
served values by one or two units in the fourth decimal place. To 
this degree of accuracy only do the foregoing statements apply. 

It is possible to determine graphically the positions of the dis- 
persivity lines for different partial dispersions, and thus by inter- 
polation to ascertain the course of the dispersion curve of an opti- 
cal glass throughout the visible spectrum provided a single partial 
dispersion is given. This signifies that, having given any two re- 
fractive indices of an optical glass, the observer can write down di- 
rectly its refractive index for any other part of the visible spec- 
trum with a maximum error of one or two in the fourth 
decimal place. 

The same result can, of course, be obtained by computation, 
which is not difficult because of the straight line relations between 
the partial dispersions. 

In equation (2) the two constants a and b fix the position of 
any given partial dispersivity line. These constants vary with 
the partial dispersions under consideration and are evidently func- 
tions of the wave-lengths between which the partial dispersions 
are taken. Equations (1) and (2) may be written for two glasses, 
mr and mr’, 

(my — m-) — (n’ — n-') _ f(%.) — f(?-) 
(mz — m) — (mo’ — m’) ~~ f(A2) — f (1) 





"eo. « & 


= f(A.) — f(A) , | 
me — my = Fo [os —#) + 8) ng yh gg (4) 
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in which f(A,) is some function of the wave-length. From equa- 
tion (3) it is evident that 


(na — m) — (nw! — m') =C [ 12 — f(s) | ad) ee 
wherein C is a constant. 


Let n, =n,+dn and n,’=n,'+dn; equation (5) may then 
be written dn — dn’ =c[ f(A, + dA) — f(A,)] or 


d d —_ 
7 ere 
This relation is valid if 
dn’ : 5 
SO POMP «2. eee ee @ 


wherein F(A) is some function of (A) and is the same for all 
glasses. Therefore, 
m =wmef(ri)t/F(AdAt+d ......-s (7%) 
m. = Cf (42) +/ F (A2)d4A +d 
ms = c.f (As) + / F (As)dA + d 
For convenience let f, = f(A,) and F, =/ F(A,)da. Then by sub- 
traction we obtain 
m—-m=cdfr>—-fip)th—h 
m3 —m = cfs —fi) + Fi — Fi 
Eliminating c from these equations we find 
S-—s 8-8 8.5 32-5 ya 
fo —-h fs —Sfi fs —fi fs —hi 
Equation (7) states that the expression for the refractive 
index may be considered to consist of three parts: the first, which 
considers only the excess refringence relations ; the second, which 
expresses the course of the standard dispersion curve, and the 
third, which fixes the datum level of refringence. Inasmuch as 
the visible spectrum covers at most only an octave in wave- 
lengths, it is not difficult to find an empirical expression for f(A) ; 











, . 1 1 
> . , no olla . ° 
thus the expressions are valid f (A) = e'/”";0r77— page  Go.100)"" 
or — 530° ahi of these the first two are the most satisfactory. 


It is evident that there are many mathematical functions which 
represent the data well. These functions are tested by use of 
equation (3) applied to two different glasses. For this purpose 
the partial dispersions of the 316 glasses were considered in 
groups for each partial dispersion and the groups treated by the 
method of the zero sum recently proposed by N. Campbell ? as an 











* Phil. Mag. 39, 177, 1920. 
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improvement on the method of least squares. It is significant that 
the values of a and b of equation (2) obtained separately from 
the Gifford list of glasses, the Schott list, and Parra-Mantois list 
differed slightly from the values obtained from the entire list. 
The two sets of average refractive index values obtained from 
the total list (158 glasses in each set) are: 


nal no nh np "Gq 
1.539909 1.543168 1.545958 1.552616 1.557994 
1.588807 1.593565 1.597767 1.608201 1.616995 


From these data the values of a and b of equation (2) are 
found to be for the partial dispersions ng—n,., np—n,4, and 
np—Nn, Plotted respectively against ng —ny. 


No — May hy — Ma np — Nay 
a@ 0.14837 0.28813 0.66188 
& 0.000576 0.000838 0.0007 37 
b/a 0.003882 0.002908 0.001113 


By trial, it is found from equation (8) that the following 
functions fit the above data: 





0.00854 0.00804 er : : 
Fuh 7% —G—?0r7_7z; this term is an expression for 
the dipersion relations in the standard dispersion curve to which 
the optical glasses are referred. 

From these relations it is a simple matter to write down a 
series of two- and three-constant dispersion formulas which 
represent with a high degree of exactness the dispersion relations 
in optical glasses. A few such equations are: 








1/72 0.008535 
n=ce + sa SC<‘ — a eee. 
c 0 008535 
"= 500138 + PES es ees ee 
c 0.00804 
n= @ — 100) + 7 RN ot 


In case a greater degree of precision is desired, a constant 
may be introduced into the second term, thus: 


aude” +a +e 


29.9 


c b 
e—o0s +a +4 


t= 
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The agreement between values computed from equation (9) 
and the observed values is indicated in Table I. 
























































TABLE I, 
Wave- Borosili Crow i 
length Botts Calc cObs. Seas Cale Obs. Oban” Cale.-Obs. 

0.0000 | 0.0000 | 0.0000 
-7682 | 1.494581 +08 1.525231 —44 | 1.602071 +12 
-7066 | 1.495965 —I10 | 1.526730 —I0 | 1.604699 +07 
-6708 | 1.496902 —0o8 1.527775 +05 | 1.606572 —0o9 
.6563 1.497318 —07 1.528248 +05 | 1.607418 —16 
5893 | 1.499597 —03 | 1.530848 +13 1.612137 —OI 
5607 | 1.500773 +21 1.532211 +33 | 1.614712 +06 
5461 | 1.501472 +03 1.533016 +17 1.616196 +12 
5270 | 1.502434 +11 1.534128 +32 | 1.618368 —03 
.4861 1.504898 +01 1.537010 +23 | 1.623982 +01 
.4678 1.506221 —I3 1.538584 —07 | 1.627065 +02 
4415 | 1.508394 —06 1.541201 —35 1.632327 +05 
4341 | 1.509071 +06 1.542020 —3I1 | 1.634648 —I19 
-4046 1.512262 —I2 1.545794 +04 | 1.641979 +31 
Wave- Densest Barium Crown Extra dense Flint 
length | $4704 Cale.-Obs. Parra-Mantois 
M Three const. Two const. 6548 Calc.-Obs. 
0.000 0.000 0.0000 

7982 1.603759 —ool +052 1.67918 —2 
.7066 | 1.605638 —o16 +003 
6708 | 1.606899 +020 +020 
.6563 | 1.607501 —003 —009 1.68610 +1 
.5893 1.610702 +012 —022 1.69238 te) 
.5607 1.612434 —002 —043 
-5461 1.613422 —009 —O5I — 
.5270 1.614824 003 —045 
.4861 | 1.618460 —028 —059 1.70829 +3 
.4678 1.620418 —O13 —053 
4415 1.623677 —O12 +009 
4341 | 1.624778 +010 +019 1.72206 —3 
.4046 1.629511 +081 +184 





For the dense barium crown glasses it is advisable to use the 
three-constant equations. Thus, for the dense barium crown 


glass S 4704 of Gifford, better agreement is obtained, as indicated 


, 1/2* , 0.009372 
in thetable, withtheequation,=0.025184e |© + —3,,— + 1.562042. 


For the computation of dispersion relations Table II has been 
found useful : 
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TaBLe II. 
Wave-length 2 2 LU =o 0.00853 
mn A e/* 2 0.0438 20.9 70.9 
A’ 0.7682 § | 0.590131 1.184653 1.830392 1.267865 0.010821 
-7066 H -499283 1.221758 2.195472 1.366923 | .011667 
-6708 Li -449973 1.248871 2.462005 1.432406 .012226 
C .6563 H, .430730 1.261334 2.584447 1.460857 | .012468 
D_ .5893 Na|_ .347274 1.333794 | 3-295175 1.609523 | -013737 
.5607 Pb -314384 1.374486 3.695710 1.683226 .014366 
5461 Hg -298225 1.398388 3-930431 1.723672 |  .O014712 
E_ .5270Fe|_ .277729 1.433415 4.274801 1.779797 | .OI5191 
F  .4861 H,| .236293 1.526840 5-194994 1.914023 .016336 
.4678 Cd, .218837 | 1.579256 5.713078 1.981279 | .O16910 
-4415 Cd, -194922 1.670328 6.617170 2.08192 | .O17814 
G’ .4341 H, .188443 1.700071 6.913573 2.119186 | .018087 
.4046 Hg .163701 1.842033 8.340214 2.257754 aopeye 





The linear relations between the partial dispersion of an opti- 
cal glass are valid only for that portion of the dispersion curve 
which is distant from an absorption band. With the approach 
to an absorption band the dispersion curve departs from its even 
course and is no longer comparable with the other glasses. This 
is well illustrated in Fig. 3, in which the measurements by H. 
Rubens in the infra-red and by H. T. Simon in the ultra-violet * 
on a series of optical glasses are plotted in terms of partial dis- 
persions. The different types of glasses are named on the dia- 
gram. The similarity in the course of the partial dispersions is 
well shown by two glasses in the list, namely, a crown of high 
dispersion Orrs1 and of refractive index m)= 1.52002 and a 
barium crown O1143 of refractive index yp)=1.57422. In Table 
III the partial dispersions n,—mp are listed. 


























TABLE III. 

Wave-length O1nrst O 1143 | Wave-length | Ors! O 1143 
in “ m, - "Dp nm, - "bp | in ps | nm - "pn m - 8p 
2.0 | 0.02272 0.02272 0.4861 | 0.00713 0.00704 
1.8 02012 02012 || .4800 .00780 | .00766 
1.6 .01762 01772 || .4678 00901 | .00884 
1.4 01522 .01542 -4340 01310 | .01288 
1.2 .O1312 01312 3610 .02664 | .02500 
1.0 01042 -O1052 | -3466 .03066 | .02977 
0.8 .00692 .00692 -3403 .03260 | 03161 
0.7682 00634 .00640 | .3261 .03768 | .03623 
6563 .00290 .00302 l -3133 04305 | 04103 
.5892 .00000 00000 || -3081 .04556 .04322 
-5349 .00325 00324 || .2980 -05091 -04791 

5086 | .00523 00516 | 





* Ann. Phys. und Chem., N. F. 53, 555, 1804. 
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In this figure the partial dispersions n, — "p) between the sodium line and the following wave 


lengths in #: 2.4, 2.2, 2.0, 1.8, 1.6, 1.4» 1.2, 1.0, 0.8, 0.7682, 0.6563, 0.5892, 0.5349, 0.5086, 
© 4861, 0.4800, 0.4678, 0.4340, 0.3610, 0.3466, 0.3403, 0.3261, 0.3133, 0.3081, 0.2980, 0.2880, 
0.2837, 0.2763, are plotted ae ordinates against the partial dispersions "Gi —*p for a series of 


optical glasses measured by H. Rubens and H. T. Simon. The partial dispersions of the follow- 
ing Schott optical glasses are plotted on the diagram: O1092, light barium crown, (np= 


151698); S204, borate glass, (mp) =1.51007); 01143, dense barium crown, ("py =1.57422); 
O1rs1, crown of high dispersion, (np) = 1.52002); 0451, light flint, ("p) =1.57524); 0469, 
dense flint, (",)=1.64985); Osoo dense flint, (p)=1.75130); S163, extra dense flint 
(" p) = 1.88995). 
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From this table it is evident that the partial dispersions of 
the two glasses run along fairly well together from the infra-red 
at 2p to the violet of the visible spectrum. From here on into the 
ultra-violet the crown with high dispersion (contains evidently 
some lead) approaches an absorption band, and its partial dis- 
persions rise accordingly. At 0.2980» the difference in partial 
dispersions is 0.003. 

The different effects of lead, barium, boron, and other glass- 
making oxides are most clearly shown in the infra-red and ultra- 
violet rather than in the visible spectrum. The maximal de- 
parture from normal partial dispersion lines in the visible spec- 
trum caused by the presence of large amounts of barium is 2 units 
in the fourth decimal place. 

The theoretical significance of the straight line relations be- 
tween the partial dispersions of optical glasses and of colorless 
substances in general has not yet been worked out satisfactorily. 

There are other approximately linear relations which hold for 
most glasses within the visible spectrum, but depart markedly from 
them both in the infra-red and the ultra-violet. If the squares 
of the frequency (1/A*) be plotted as abscisse and the excess re- 
fractivities (n—1) or the reciprocals of the excess refractivity 


+ as ordinates, the dispersions of optical glasses within the 
visible spectrum are expressed by approximately straight lines. 
Another method of expressing the reciprocal relations is to plot 
the frequency scale on the horizontal line at unit distance from the 
abscisse axis, to draw lines radiating from the origin through 
the points on the frequency square scale and to find the intercepts 
of these lines with ordinates equal to the refractive indices. The 
dispersion curves under these conditions are nearly straight 
lines.* It is on these relations that the new empirical dispersion 
formula of Nutting ® is based. These relations will be considered 
in detail in Part II. of this paper. 


SUMMARY. 


A convenient graphical method of illustrating the relations 
between different types of optical glasses is to plot for each glass 
mD—NA’ 


its refractive index, mp, against the ratio corte 





*For a brief account of this method of plotting reciprocals see F. E. 
Wright, J. Wash. Acad. Sci., 10, 185-188, 1920. 
* Revista d’Ottica e Meccanica di Precisione, I, 54-57, 1919. 
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lf partial dispersions alone are considered and plotted one 
against the other, the result in each case for a series of optical 
glasses is a straight line. This fact, that in a series of optical 
glasses the partial dispersions are related by linear functions and 
that these functions are the same for all glasses, proves that once 
a partial dispersion is given, the entire dispersion curve is fixed, 
irrespective of the glass type. This means that within the limits 
to which this statement holds, namely about one unit in the fourth 
decimal place, if any partial dispersion is given, all other dis- 
persions follow automatically; in other words, a change in dis- 
persion at one part of the dispersion curve carries with it definite 
changes in the curve throughout the visible spectrum. Thus a 
series of standard dispersion curves can be set up independent of 
the absolute refractive index. This means that if for any sub- 
stance two refractive indices are given, the dispersion curve can 
be written down directly; that in case two substances of very 
different indices are found to have the same actual dispersion for 
one part of the spectrum, their dispersion curves are identical 
to one or two units in the fourth decimal place throughout the 
visible spectrum. 

From these relations it is possible to build up dispersion 
formulas containing two, three, or more constants which repre- 
sent the data in the visible spectrum with a high degree of exact- 
ness. Certain of these formulas are of such form that they are 
valid far into the infra-red and ultra-violet, but break down of 
necessity as an absorption band is approached. Certain of the 
dispersion formulas thus obtained are well adapted for compu- 
tation purposes. 


CARNEGIE INSTITUTION OF WASHINGTON, 
Geophysical Laboratory, 
May, 1920. 











THE “ALL OR NONE” LAW IN VISUAL RESPONSE. 


BY 


LEONARD THOMPSON TROLAND. 


Harvard University. 


I. INTRODUCTION. 


MODERN investigation of the response of neuro-muscular tissue 
under stimulation indicates that this response follows a so-called 
principle of “all or none.’” If anormal nerve or muscle fibre is 
set into action at all, it is necessarily excited to the maximal 
degree which is possible for it. The minimal and maximal re- 
sponses are identical. This principle was demonstrated for 
muscular tissue before it was shown to be applicable to that of 
the nervous system, but the researches of Adrian and Lucas indi- 
cate quite clearly that it holds for individual nerve fibres as well 
as for the individual contractile elements of a muscle. 

At first thought this principle seems to be incompatible with 
the existence of delicate gradations of neuro-muscular action. 
The explanation of the actual occurrence of such gradations ap- 
pears to lie in the fact that any muscle or “ nerve’ consists of a 
large number of individual cells which all cooperate in a single 
function subserved by the whole. Gradations in the intensity or 
power of the response can thus be attributed to variations in the 
number of individual cells which take part in the process at any 
time. Small power in a muscular contraction is attributed to the 
fact that only a few of the muscle cells are active, while the re- 
mainder are wholly inactive. A more powerful contraction would 
involve a larger number of active cells. Similarly in a nerve trunk 
which supplies such a muscle an innervation of low intensity 
would consist in the maximal activity of a few constituent fibres 
combined with the total inactivity of the remainder. A more 
powerful innervation would entail the action of a larger propor- 
tion of the total number of fibres. Obviously, according to this 
view, there must be a limiting value to the intensity of any neuro- 
muscular process, which value is determined by the simultaneous 
activity of all of the cells of the system. 





* See Lucas, K., “ The Conduction of the Nervous Impulse.” London, 1917. 
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Forbes and Gregg? have found that this principle actually 
applies to the “ action current” of a nerve, but that gradations 
in the degree of the motor response which is set off by this same 
nerve current are still obtainable long after the limiting value of 
the “ action current’ has been reached. They explain this fact 
by the assumption that although the “ all or none ” principle holds 
for each fibre, the number of impulses reaching the muscle along a 
single fibre per second can vary. The response of nerve tissue is 
of such a nature that the nerve current must be pulsatory in char- 
acter, since the excitation of the nerve cell is accompanied by a 
condition of reduced irritability, in which it is impossible to re- 
stimulate the nerve. This condition disappears pari passu with the 
state of excitation, so that a second “ all or none” response can- 
not be evoked until the first one has died away. 

The most convincing demonstrations of the “all or none” 
principle have been carried out on motor or efferent nerves. It 
is well known that sensory nerves differ in their properties from 
motor nerves, but it is very doubtful whether this difference can 
extend to such a fundamental property of nerve activity as that 
which is expressed in the “all or none” principle. The results 
of Forbes and Gregg substantiate this doubt. However, if we 
assume this principle to apply to the sensory nerve we encounter 
grave difficulties in the explanation of certain phenomena of sen- 
sation. The facts of psycho-physiology indicate very clearly that 
the intensity of sensation depends directly upon some aspect of 
the nerve processes in the cerebral cortex. This “aspect” in 
turn must depend quantitatively upon the intensity of the response 
of the receptors or sense organs which are involved. Conse- 
quently, the intensity in question must have some quantitative 
representation in the sensory nerve current. In the case of sensa- 
tion we have to face the added difficulty that gradations of quality 
as well as quantity or intensity, are apparently transmitted from 
the receptor to the central nervous system.* 

In certain departments of sensation, at least, it is possible 








* Forbes, A., and Gregg, A., “ Electrical Studies in Mammalian Reflexes. 
II. The Correlation Between Strength of Stimuli and Direct and Reflex Nerve 
Response.” Amer. Jour. of Physiol., 1915, Vol. 39, pp. 172-235. 

* Similar demands would arise from a purely physiological study of the 
motor responses of the organism to stimuli of various ‘ntensities applied to 
sense organs. 


Vor. IV, No. 3—11 
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to account for the afferent transmission of intensity by supposing 
that the number of individually excited fibres in the sensory 
nerve varies with the intensity of the receptor activity, so that the 
intensity of the sensation is determined at the nerve centres by the 
total number of fibres which are pouring impulses into that region. 
This would be in harmony, for example, with many of the facts 
of auditory response as interpreted by the theory of Max Meyer.‘ 
According to Meyer’s view the loudness of a tone depends 
upon the number of fibres of the basilary membrane which are 
set into action, each such fibre being responsible roughly for the 
excitation of a single nerve fibre of the eighth nerve. The pitch 
or quality of the tone would be accounted for in accordance with 
Rutherford’s theory ® by the frequency of the nerve impulses 
sent along each or all of the fibres, this frequency being equal 
to that of the sound vibrations. According to this interpretation, 
frequency of impulses would be responsible for transmission of 
quality to the nerve centres, while the number of individual 
sensory fibres which were excited would be responsible for the 
transmission of intensity. In the case of the cutaneous and 
kinesthetic sensations, it would also seem possible to account for 
gradations of intensity in terms of the number of individual 
fibres stimulated, while variations of quality seem to depend 
entirely upon the identity of the nerve path which is stimulated. 
Phenomena of gustatory—and possibly olfactory—sensation are 
apparently consistent with a similar interpretation if we suppose 
that the separate receptor cells have varying thresholds, so that 
more of them are excited by a strong stimulus than by a weak one. 

When we come to consider the case of visual sensation, how- 
ever, as I have pointed out in a previous paper,® the phenomena 
which we encounter are much less easily explicable in terms of the 
“all or none” law. In this department of sensation the number 
of retinal elements which are stimulated appears to determine our 
consciousness of the area of the object, and all intensities of sensa- 
tion seem to be elicitable from a single rod or cone. It is true 





*Meyer, Max, “ Zur Theorie der Differenzténe und der Gehérsempfind- 
ungen iiberhaupt.” Zeitschr. f. Psychol. u. Physiol. d. Sinnesorg., Bd. 16, 
S. 1-48, esp. S. 22 ff. 

® See Schafer, E. A., “ Text-Book of Physiology,” 1900, Vol. 2, pp. 1190-1192. 

*Troland, L. Tt, “The Nature of the Visual Receptor Process.” This 
JourRNAL, 1917, Vol. 1, esp. pp. 11-12. 
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that there are some facts of visual response which suggest a con- 
nection between the intensity or luminosity of the sensation and 
the number of retinal elements which are excited. For instance, 
when the area of retinal excitation is confined to the fovea, the 
threshold is found to depend upon the area and the intensity in 
the same way, so that it is expressible in terms of the product of 
these two factors.’ In this relationship the number of fibres 
stimulated and intensity of stimulation appear to be interchange- 
able. However, even at the threshold a small area of high in- 
tensity is usually discriminable from a larger area of lower intens- 
ity, so that, even here, these two aspects of the receptor process 
must be separately represented in the optic nerve conduction. 

For intensities above that for the absolute threshold, and in 
general for large areas of stimulation, there appears to be no 
possibility of accounting for the transmission of intensity grada- 
tions in terms of the total number of optic nerve fibres which are 
operative. It is certain that hundreds of different gradations of 
this character are perceptible in such cases. Moreover, the iso- 
lated stimulation of a single retinal cone appears to be at least 
a theoretical possibility, since the recent analyses of Hartridge * 
have shown that with a point source the optical system of the eye 
is capable of concentrating about 76 per cent. of all of the light 
entering the pupil upon a single retinal cone, only 3 per cent. fall- 
ing upon each immediately outlying cone. Histological evidence 
indicates that, within the fovea at least, each cone has a “ private 
line’ of nerve connection, and to explain the facts of form per- 
ception, or visual acuity, of foveal vision it seems necessary to 
suppose that these “ private lines’”’ are continued back to the 
occipital lobe of the cerebral cortex. The neural transmission of 
intensity in such a system—and in harmony with these facts— 
must obviously depend upon some property of the nerve current 
in the individual optic fibre. 

In this situation we naturally fall back upon the idea of im- 
pulse frequency as the basis for intensity transmission. In the 
paper referred to above, I have suggested a mechanism of con- 
nection between the receptor cell and the nerve fibre by which 








* On this point cf. Parsons, J. H., “ An Introduction to the Study of Color 
1915, pp. 117-125. 

* Hartridge, H., “The Chromatic Aberration and Resolving Power of the 
Eye.” J. of Physiol., 1918, Vol. 52, pp. 175-246, esp. p. 190. 
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various intensities of excitation of the former could be trans- 
lated into corresponding nerve impulse frequencies passing along 
the individual optic fibres. This theory, | believe, satisfactorily 
explains the facts of pure luminosity vision in harmony with the 
“all or none” principle, and also DuBois-Reymond’s law. It 
appears, however, to leave no plausible way of accounting for 
the transmission of the qualitative or chromatic aspect of the 
visual excitation. If we correlate intensity with the frequency 
of the nervous impulse, color must depend upon something differ- 
ent. It is generally believed that all possible qualitative variations 
in visual sensation are elicitable from a single retinal cone, pro- 
vided the latter is located in the zone of trichromatic vision. The 
original “ Dreifasertheorie”’ of Young and Hemholtz has been 
universally discarded, although it seems to the writer (vide infra) 
on somewhat inadequate grounds. 

The difficulties which we encounter in attempting to reconcile 
the facts of both achromatic and chromatic vision with the “ all 
or none” principle are so great that we might conclude that, after 
all, this law is incompatible with the facts of visual response and 
cannot be accepted as applying to the action of the optic nerve 
fibres. It is well known that the optic nerve is, strictly speaking, 
a brain tract and not a sensory nerve in the strict sense of the term. 
Consequently we might feel warranted in attributing to it, prop- 
erties different from those possessed by other afferent conductors. 
The observations and measurements to be described below, how- 
ever, present new empirical data which it seems to me can onlv 
be interpreted as demonstrating the actual operation of the “ all 
or none ” law in visual response. 


II. DESCRIPTION AND THEORY OF THE BLUE ARC EFFECT. 


If a spot of red light surrounded by a dark field be viewed with 
the right eye under favorable conditions, one will see streaming 
off to the right of the spot two arc-shaped bands of slightly violet 
luminosity. These bands converge upon a portion of the visual 
field which measurement shows is identical in location with the 
blind spot. The exact form and separation of the two bands 
varies with the position of the stimulus spot with respect to the 
centre of vision; when the spot is directly fixated the bands tend 
to fuse together, but when the fixation point is moved toward 
the right they separate constantly until they finally disappear. 
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lf the left eye is employed an exactly symmetrical appearance is 
observed centring at the blind spot of that eye. in binocular 
vision the two sets of arcs can often be seen together. 

This phenomenon has been called by Mrs. Ladd-Franklin the 
“ blue-arc effect.” * It was apparently first described by Pur- 
kinje,’” who seems to have observed every possible entopic phe- 
nomenon. It has been rediscovered by a number of later ob- 
servers, including Zeeman,'! Gertz,'* Hubbard,’* and others. It 
appears, however, to be still practically unknown to the majority 
of psychologists and physiologists in spite of the remarkable sig- 
nificance which it acquires when its very obvious explanation— 
recognized in its essentials by previous investigators—is once ap- 
preciated. It also is unfortunately true that very few quanti- 
tative studies have been made of the effect. I have, therefore, 
thought it very well worth while to undertake such studies of 
various aspects of the phenomena, one of which I am reporting 
in the present paper. 

In another forthcoming article,"* I shall present measurements 
of the topography of the blue arcs for various sizes and posi- 
tions of the stimulus spot. A comparison of the map, in terms 
of visual angles thus determined, with the distribution of the 
nerve fibres in the nerve-fibre layer of the retina—in the region 
surrounding the fovea and between it and the optic disk—shows 
conclusively that the effect is attributable to the action of these 
nerve fibres upon neighboring portions of the retina. The indi- 
vidual nerve fibres of the retina are unique in consisting of bare 
axis cylinders without either myelin sheaths or neurilemmas. 





*In a forthcoming paper. 

* Purkinje, J. E., “ Beobachtungen und Versuche zur Physiologie der 
Sinne,” 1825. Bd. 2, S. 74-78. The entire passage is quoted by Gertz 
(vide infra). 

™ Zeeman, P., “ Ueber eine subjektive Erscheinung im Auge” Zcitschr. 
f. Psychol. u. Physiol. d. Sinnesorg., Pd. 6, 233-234. 

* Gertz, H., “ Uber autoptische Wahrnehmung der Sehtatigkeit der Netz- 
haut,” Erste Abhandl. Skand. Arch. f. Physiol., 1907, Bd. 19, S. 381-408. 
Zweite Abhandl., ibid., 1909, Bd. 21, S. 315-350. Also: “ Ueber entoptische 
Wahrnehmung des Actionsstroms der Netzhautfasern.” Zentralbl. f. Physiol., 
1905, Bd. 19, S. 229-233. 

* Hubbard, J. C., “A Curious Secondary Visual Phenomenon Resulting 
from a Stimulation of the Macular Region.” Psychol. Bull., 1910, Vol. 7, 
pp. 196-199. 

“To be published in Psychobiology. 
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Since they are also crowded closely together, especially in the 
region about the fovea, they are in circumstances particularly 
favorable to the transfer of excitation from one to another. 

The mechanism of such transfer of excitation can readily be 
surmised. When the fibres connected with the retinal rods or 
cones of a small stimulated region of the retina are excited they 
suffer a so-called negative variation in their electrical potential. 
This variation would tend to cause a flow of electric current 
towards the nerve fibres in question, or at any rate a change— 
in the sense of an increment of the current flow in this direction— 
in any current which might happen already to be flowing. This 
change in current flow would constitute, in accordance with the 
DuBois-Reymond law of nerve stimulation, a natural stimulus 
to any nervous tissue through which the lines of current flow 
might happen to pass. If the excitation of the nerve fibres which 
were primarily involved is continued without change no further 
secondary stimulation of other nerve fibres should occur, since the 
DuBois-Reymond law demands stimulation only when there is 
a change in the magnitude of the electric current which is acting 
upon the nervous tissue. The demands of this argument appear 
to be met by the facts, since the blue arc effect is seen only at the 
moment of application of the primary stimulus and lasts approxi- 
mately a second. Of course, in order to insure steady stimulation 
of the retina it is not only necessary that the external stimulus 
be maintained constant, but the eye itself must not be permitted 
to move. In another article I shall discuss the relation of the 
effect to the DuBois-Reymond principle in detail. 

The form of the blue arcs for various regions of primary 
stimulation of the retina shows clearly that the primary nervous 
elements involved in the transfer of excitation are the nerve 
fibres which connect the region in question with the entrance of 
the optic nerve. More doubt exists, however, with regard to the 
exact identity of the secondary nervous elements to which the 
excitation is transferred. It is unlikely that these latter elements 
are other nerve fibres which run along parallel with the primarily 
excited ones in the nerve-fibre layer of the retina, since among 
such fibres there are probably included some which connect with 
regions of the retina not lying along a continuous path between 
the stimulated area and the optic disk. The sensations derived 
from the secondary excitation will naturally be “ projected” on 
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that portion of the visual field which corresponds with the posi- 
tions of the retinal receptors supplied by the nerve fibres in ques- 
tion, and the blue arc effect is always confined to the region of the 
visual field between the primary sensation and the blind spot. 

There are two other possibilities regarding the identity of 
the elements which are secondarily excited. One is that these 
elements consist in the neurones of retinal layers external to the 
nerve-fibre layer and the axes of which are perpendicular to those 
of the fibres in the nerve layer. In general, a nerve fibre is much 
more readily stimulated by the interruption of an electrical cur- 
rent which travels along its axis than by that of one which is 
moving across its axis. This principle, therefore, would favor sec- 
ondary excitation of the neurones in the external strata of the re- 
tina as compared with that of nerve fibres running parallel with 
those primarily excited. The final possibility is that the elements 
involved in the secondary excitation are actually the receptor cells 
of the retina themselves, although we are not certain that these 
cells are subject to stimulation according to the DuBois-Reymond 
principle. It is known, however, that they are in general much 
more sensitive than the simple nerve cells, and it is quite likely 
that such additional sensitivity would be necessary to permit one 
nervous element to pick up a residual effect of the activity of 
another such element. It should be easy to devise experiments 
capable of distinguishing between these three possibilities. 

Since we attribute the blue arc effect to the stimulation of the 
retinal apparatus by an electric current, it is of interest to com- 
pare the color of these arcs with the colors obtained by the appli- 
cation of externally produced electrical voltages to the eye. The 
investigations of Helmholtz,’* Miiller,"* and others show that if 
the electric current passes outwards along the line of sight the 
color seen is ordinarily a dark reddish-yellow, but that if it passes 
inward the color is a “ whitish-violet.” 77 This latter color is the 
same as that of the blue arcs, and a moment’s consideration shows 
that the direction of the internally produced electrical current 
which we have assumed to be responsible for the generation of 





* Helmholtz, H. von., “ Handbuch der Physiologischen Optik.” 3te Aufl, 
1911, Bd. 2, S. 13-17. 

* Miller, G. E., “ Ueber die galvanischen Gesichtsempfindungen.” Zeitschr. 
f. Psychol. u. Physiol. d. Sinnesorg., 1897, Bd. 14, S. 320-374. 

* See Helmholtz, loc. cit., Bd. 2, S. 15. 
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this phenomenon is also the same as in this case of the external 
application of electrical forces. In the latter case the visual effect 
continues with continued application of the voltage, but is much 
stronger at the “ make” than thereafter. This coincidence of 
relations appears to offer a striking corroboration of the explana- 
tion which we have given of the effect.'* 

If the action of the nervous elements of the retina follows 
the “all or none” principle, as well as DuBois-Reymond’s law, 
we should expect to find evidence of this fact in the blue arc 
phenomenon. The “all or none” relationship might be inserted 
at one or more points of transfer, in the total propagation process 
which is involved. In the first place, we should expect the action 
currents of the primarily excited fibres to be independent in 
magnitude of the intensity of the radiation acting upon the retinal 
receptors to which they were attached. Consequently, the poten- 
tial difference generated by these action currents should be inde- 
pendent of the receptoral stimulus in question. In the second 
place, we might expect the secondary excitation of other elements 
to be of a magnitude independent of that of the current which is 
set up by the potential difference just mentioned. In case the 
secondarily excited elements are the receptor cells themselves this 
expectation might not be fulfilled, since it is certain that these 
cells do not have an “all or none” response to radiation or to many 
so-called inadequate stimuli. Even in this event, however, we 
should still expect to find evidence of the “ all or none ” character 
of the action current in the primarily excited elements. 

It is, of course, certain that a large number of individual 
nerve fibres are involved in the primary excitation, but it is equally 
certain that the individual action currents of these fibres cannot 
summate to any appreciable extent electrically, at least as regards 
their voltage characteristics. In other words, the voltages which 
the individual fibres severally generate cannot be conceived to 
be arranged in “ series,” but must rather be conceived as arranged 
in “ multiple.” When a very small number of fibres are involved, 
a reduction in the secondary excitation effect might be expected. 
due to “ leakage,” but if the number of fibres is reasonably great, 
the density of the current effect will not be increased by a further 





*T find, after writing the above, that similar arguments have been advanced 
by Gertz, in his very thorough and penetrating theoretical analysis of the basis 
of the blue arc phenomenon. Loc. cit., 1909, Bd. 21, pp. 327-350. 
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increase in the number of fibres involved. Moreover, when all 
of the fibres in a given path are in action, an absolute limit is 
reached, as in the case of a nerve trunk, which cannot be exceeded 
on any assumption regarding the manner in which the individual 
processes combine. It is probable that at very low intensities of 
primary stimulation of the retina not all of the fibres supplying 
the given retinal region are set into action, but that the intensity 
required to involve them all is still not very high above the 
absolute threshold. 


Ill, MEASUREMENTS OF THE LUMINOSITY OF THE BLUE ARCS. 


A cursory observation of the blue arc effect with various in- 
tensities of stimulating radiation indicates in a qualitative way 
that the luminosity of the arcs increases very little with increase 
in the intensity of the stimulus, and therefore suggests that our 
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Schematic plan of apparatus. 


deductions from the “all or none” principle are correct. Gertz 
notes a general increase at low intensities, but offers no exact data 
on this point. In order to test the validity of such qualitative obser- 
vations, I arranged the stimulus conditions described below, which 
permit a quantitative estimation of the luminosity of the arcs 
with various intensities of stimulation. 

The general arrangement of the apparatus is shown in Fig. 1. 
S is a spectrometer slit which supplies divergent radiation of the 
desired wave-length constitution. This radiation is caught by the 
dioptre lens, L, which converges the rays upon the 9 dioptre 
lens, L’, which in turn forms an image of the spectrometer slit 
at the artificial pupil, P. The lens, L, determines the plane of the 
external stimulus field in the experiment, and the lens, L’, serves 
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to render rays from this plane substantially parallel for the ob- 
server's eye, which is placed immediately behind the artificial 
pupil.**® This makes it easy for the observer to obtain a sharp 
image upon his retina of the stimulus field pattern, which is deter- 
mined by the apertures in an opaque card placed in front of and 
in contact with the lens, L. The pattern of these apertures is 
shown, drawn to scale, in Fig. 2. Immediately behind the lens, 
L, isa shutter, H, consisting of two blades meeting at the vertical 
diameter of the lens but having a small opening coinciding in posi- 
tion with the central spot, F, of the stimulus field pattern. Be- 
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tween the lens, L, and the spectrometer slit, S, there is placed a 
screen, N, making an angle of 45° with the optical axis of the 
system and being of such a height as to intercept the light from 
the spectrometer only in the lower part of the stimulus field. This 
screen is illuminated by a small electric flash-lamp, F’, which is 
mounted upon a carriage running on a photometer bench at right 
angles to the optical axis in question. The important dimensions 
of the system are given in centimetres in the figure. 

The functions performed by the various portions of the stimu- 
lus field pattern shown in Fig. 2 may be indicated as follows. 
The central spot, F, serves as a fixation point and is constantly 





” The distance from the artificial pupil to the cornea of the observer’s eye 
was 8 mm. 
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filled with light from the spectrometer even when the shutter is 
closed. The vertical slot, T, is also filled with light from the 
spectrometer when the shutter is open, but it is dark when the 
latter is closed. The lower end of this slot is located on the hori- 
zontal diameter of the field which passes through the centre of 
the spot, F. The horizontal slot, C, is filled with light from the 
screen, N, when the shutter is open, but is dark when the shutter 
is closed. The left-hand end of the last-mentioned slot is located 
on the vertical diameter of the field, which also passes through the 
centre of the spot, F. Both halves of the shutter, H, open simul- 
taneously with extremely high speed when an electric contact 
is made. 
TABLE I. 
Dimensions of Stimulus Field. 
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The dimensions of the stimulus field pattern in millimetres 
and also reduced to visual angular degrees for the observer's eye 
are given in Table I. The angular dimensions were calculated 
by means of the formula, 

—1mo 
® = 2tan 2a 
where o is the linear size of the given field dimension, a the actual 
distance of the field from the eye, and m the magnification intro- 
duced by the lens, L’. This latter factor, in turn, was obtained 
by use of the formula, 
fd 


*"3-s0@-a 


f being the focal length of the lens, d the distance of the field from 
the anterior focus of the eye, and + the distance of the lens from 
the same point. This magnification amounted with the given 
lens powers and other dimensions of the system to 1.315. 
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The slot, T, which is filled with spectral radiation of known 
wave-length constitution, furnishes the primary stimulation of 
the retina required to produce the blue arc effect. Fixation is 
maintained upon the spot, F, and for this reason only one, viz., 
the upper, of the two arcs ordinarily seen is visible. Special tests 
with slot, C, dark, demonstrated the complete absence of the lower 
arc. With the given distance between T and F and for the writer’s 
right eye, the upper arc shoots out from T to the right at a distance 
above the horizontal diameter of the field approximately equal 
to that of the slot, C, below this diameter. The slot, C, is seen 
filled with “ white’ (or “tungsten’’) light of low but controllable 
intensity, and the problem set for the observer is to vary the 
intensity of this light until it appears to be equal to that of the 
blue arc. In other words, the slot, C, furnishes a comparison field 
which permits the establishment of a rough photometric equation 
between the single blue arc and an objective standard. 

The objective intensity required for this equation was found 
to be very low. To obtain the required low intensity it was found 
necessary to employ a small electric flash-lamp of the lowest 
obtainable candle-power on a long photometer bench and in addi- 
tion to this to coat the screen, NV, with lamp black having a reflec- 
tion coefficient at the angle of reflection which was actually util- 
ized of 0.0216. The small flash-lamp had to be operated at the 
low “ efficiency ” of 5.58 watts per candle, corresponding with a 
candle-power of 0.069. The lampblack surface was produced by 
smoking the screen, a brass plate, with an illuminating gas flame 
enriched by passage of the gas through benzol. This screen may 
be regarded, for purposes of the present investigation at least, as 
being non-selective in its reflecting power. 

It is obvious that one of the most important conditions under- 
lying the photometric equation which the procedure of the ex- 
periment establishes between the subjective blue arc and the white 
light of the slot, C, is the given state of adaptation of the visual 
apparatus. In order to have any hope of demonstrating the lumi- 
nosity law of the effect we must be sure that the level of adapta- 
tion is constant. The most convenient method of maintaining 
such constancy is to work with complete dark adaptation, which 
may be assumed to represent the asymptote of the adaptation 
curve. For this reason the measurements to be tabulated below 
were made fairly late in the evening after the observer’s eyes had 
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become adapted to vision at low intensities of illumination. The 
work was done under dark-room conditions and all extraneous 
light was screened from the observer's eyes during the tests. All 
of the observations were made by the writer and with the right 
eye. The writer’s vision is, so far as he is aware, normal in all 
respects except for a certain amount of astigmatism, which, how- 
ever, is very low for his right eye and was not especially corrected 
in the present experiments. 

The experimental procedure was as follows: Eight ranges 
of the spectrum were selected which roughly divide the spectrum 
into equal intervals from a red ending at 680 and a violet ending 
at 420pp. The exact ranges of wave-lengths are shown in Table 
II and are accurate to about 1.0##. Filters were employed in the 
orange-red and blue-violet ends of the spectrum to reduce the 
amount of scattered light present. It was desired to employ each 
of these eight spectral stimuli in the slot, 7, of the stimulus field 
each at a number of different intensities. Previous experiments 
had shown that the threshold of the blue arc effect varies notice- 
ably with wave-length and that its maximum value is about 5 
photons.” Accordingly, multiples of this value increasing by 
powers of two, from 5 to 640 photons, were employed. It was 
not possible to obtain the highest of these intensities in all cases 
on account of limitations in the capacity of the light sources which 
were employed. 

The intensities were established by means of flicker-photo- 
metric equations with the brightnesses of a magnesium oxide 
surface illuminated by a standard lamp at distances calculated to 
yield the required values. The area of the artificial pupil 
which was employed was, of course, taken into consideration in 
calculating the distances in question. This pupil was a square, 
2.51 millimetres on the side. The reflection losses due to the 
four lens faces were also allowed for. It was not possible to obtain 
all of the desired illuminations of the magnesium oxide surface 
simply by varying the distance of the standard lamp from the 
surface, and it was therefore necessary to operate the lamp at 
various voltages which had previously been calibrated with re- 
spect to candle power. The flicker equations were made with a 





” A photon represents the intensity of stimulation of the retina with a 
stimulus field brightness of one candle per square metre and a pupillary area 
of one square millimetre. 
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circular field 7.31 degrees in angular diameter, corresponding 
with a diameter of a diaphragm in the field of the lens, L, of 1.83 
centimetres. They were made by the writer, using the same eye 
which was employed in the actual tests on the blue arc. The 
results of the flicker equations, between the various standard 
brightnesses thus established, were recorded in terms of the volt- 
ages required across the spectrometer lamp in order to secure 
the flicker equations. Owing to the general law of the phenom- 
enon to be studied—its slow variation with respect to intensity 
change—it was deemed sufficient to make only two flicker equa- 
tions for each stimulus of given wave-length constitution and 
intensity, provided the voltage readings checked within approxi- 
mately 0.05 volts on a total range of 6 volts. The calibration of 
the spectrometer system in this way for the various levels in 
intensity was carried out independently of the actual observations 
on the blue arc effect so that fatigue of the eye due to the photo- 
metric determinations could not have any effect upon the main 
observations which were to be made. 

On account of the large number of variations involved in these 
measurements it was wholly impossible to make observations 
representing all of the experimental settings in a single evening. 
The most convenient method was to go through the entire range 
of intensities for a single spectral region in one evening. This, 
of course, introduces some uncertainty regarding constancy of 
the various levels of adaptation which existed on successive 
evenings and hence for the different spectral stimuli. The in- 
fluence of variations of this sort is probably responsible for some 
of the irregularities which appear in the results. However, our 
main interest in the present measurements lies in the law of the 
phenomenon with respect to intensity rather than to wave-length. 

In general, five successive determinations of the apparent 
brightness of the blue arc were made for each intensity. The 
procedure in making these determinations was to fixate the spot, 
F, of the stimulus field and then to operate the shutter,H, which 
exposed the slots, T and C, simultaneously. A blue arc would be 
observed to shoot out from the side of T as the slot, C, came into 
sight, these two streaks of luminosity occupying symmetrical posi- 
tions in the field of view. If the horizontal slot appeared brighter 
than the arc the small lamp illuminating the screen, N, was moved 
farther away from the screen to reduce the brightness of the slot. 

















“ Att or None” Law In VISUAL RESPONSE. 175 


or in the opposite direction if the latter appeared darker than the 
arc. The shutter was again closed, the point, F, refixated, and 
the experiment tried again until a satisfactory balance of lumi- 
nosities was obtained. The eye was not exposed to the stimulus 
field any longer than necessary to make a photometric judgment, 
this time being approximately one second. In general, about five 
trials had to be made for each equation. The results of the equa- 
tions were recorded in terms of the distances of the lamp from 
the screen, a knowledge of which would permit computation of 
the brightness or photon value of the slot, C, for the luminosity 
equality. The distances were in the neighborhood of one metre, 
and the candle power of the lamp was maintained very accurately 
constant by keeping the voltage across its terminals always 
the same. 
TABLE II. 
Apparent Brightness, P, of Blue Arc in Ten-thousandth Photons. 




















Wave-Length Stimulus Intensity in Photons 
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5 10 20 40 | 80 | 160 320 | 640 
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683.3-700.0 | P | 16.79\ 18.0 | 21.0 | 20.10} 
| A. D. 74| 1.1 4. 
646.3-660.0 | P_ | 31.2 | 30.22/| 28.8 | 21.5 | 22.76 | 30.28 | 29.90 
A.D.| 1.6 | 92) 22 | 1.7 | .50 | 9 72 
608.8-620.0 P 16.86 | 16.55 | 18.37 | 19.80 | 20.40| 18.9 | 22.02 | 31.4 
1A.D.| .89| .81| .69| .28 64| 1.4 .47| 1.5 
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A. . eel. ae .20 | "56 | 94 | 
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|A.D.| .16| 1.2 
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The first series of observations was made in five evenings 
ranging over a period of three weeks. The results of these ob- 
servations are presented in Table II. This table shows for each 
stimulus condition the average (and precision measures) of the 
various photon values which were required in the horizontal slot 
to match the blue arc in luminosity for any given experimental 
setting. The units employed in the table are ten-thousandths 
(10*) of a photon. It will be observed that the intensity in 
question is extremely low, being only slightly above the absolute 
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threshold for the writer, under conditions of complete darkness 
adaptation. The incompleteness of Table II is due to several 
causes. For the wave-lengths 683.3-700.0 »» it was not 
possible to obtain an intensity higher than 40 photons, 
and for the wave-lengths 646.3—660.0 »» the maximum in- 
tensity obtainable was 320 photons. The incompleteness of the 
results for wave-lengths less than 620 yp is due to an entirely dif- 
ferent cause, viz., the difficulty of observing the effect for these 
wave-lengths with high intensities of stimulation. This difficulty 
is not due to absence or weakness of the blue arcs themselves, but 
rather to the fact that with these wave-lengths the entire field of 
view is flooded with luminosity due to light scattered by the ocular 
media. The scattering is probably very little greater physically for 
these wave-lengths than for the longer ones, but the dark-adapted 
peripheral retina is highly sensitive to wave-lengths less than 
approximately 600 »» and relatively insensitive to wave-lengths 
greater than this value. This disturbing effect of general periph- 
eral stimulation, due to scattered light acting upon the rods, 
becomes worse with increasing intensity and also with decreasing 
wave-length, so that while at 580 »p observations can be made up 
to 80 photons, at 460 wp they can scarcely be extended beyond the 
threshold of the effect. It is often possible at higher intensities to 
see the blue arcs through the general haze, but it is practically im- 
possible to make any sort of judgment of their apparent brightness. 

A study of Table II shows very clearly that the blue are phe- 
nomenon tends to follow the “all or none”’ principle. Consider, 
for example, the results obtained for the spectral range 608.8- 
620.0 we. If we neglect the value of 31.4 obtained at an intensity 
of 640 photons, the increase in the apparent brightness of the arc 
in changing from a stimulus intensity of 5 to one of 320, involving 
a factor of 64, is from 16.86 to 22.02, involving a factor of only 
1.31. Even this increase may be due largely to accidental varia- 
tions, since the apparent brightness of the effect for 160 photons 
is only 18.9. The noticeab'e increase in the value of the effect 
for 640 photons is attributable to the appearance of the peripheral 
glare at this intensity, this glare apparently reducing the sensi- 
tiveness of the retina to the objective light which is used as a 
comparison. For the spectral range 646.3—660.0 wu there is actu- 
ally a general decrease in the apparent brightness of the effect 
with an increase in the intensity of the stimulus. This decrease 
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is probably to be attributed to a slight increase in the sensitiveness 
of the retina to the comparison stimulus, C, due to progressive 
dark adaptation occurring during the course of the observations. 
The change, however, is very small. Similar comments will be 
found to apply to the luminosity values of the phenomenon ob- 
tained for other wave-length ranges. 

It will be seen that the general order of magnitude of the 
luminosity of the blue arc remains constant not only for different 
intensities but also for different wave-lengths. The variations 
which occur between wave-lengths are probably explicable as due 
to two causes: (1) existence of different levels of adaptation on 
the several evenings during which the observations were made, 
and (2) differences in the disturbing influence of scattered light 
in the eye for the various wave-lengths. 

Having determined by the above described observations that 
the only stimuli which it is practicable to employ over a large 
range of intensities are of wave-lengths greater than about 600 pp, 
a second series of observations was carried out in which condi- 
tions were somewhat more carefully controlled. For these ob- 
servations a spectral stimulus constituted by wave-lengths between 
642.0 and 680.0 pm was selected, since experience showed that this 
region of the spectrum does not readily arouse the peripheral 
glare. The spectrometer lamp was calibrated for intensities from 
5 to 640 photons as in the first series of observations. Besides 
being made in the evening after four or five hours of twilight 
vision, complete darkness adaptation was further guaranteed for 
this series by a period of fifteen minutes’ rest of the eye in total 
darkness before work was commenced. A minute’s rest of the 
eye was also permitted between individual observations. A fur- 
ther possible source of variations in adaptation involved in the 
method of the experiment, consisted in the necessity of using the 
eyes between experiments to read the scales of instruments and 
to write down the values found. The brightnesses for this work 
were made as low as possible, approximately 0.16 candles per 
square metre. In the first series of observations some slight de- 
creases in the sensitiveness of the eye to the comparison field were 
noted as a result of this exposure to light. In the second series 
after every appreciable exposure of this nature two or three min- 
utes’ time was allowed to elapse before a new observation was 
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made, and the regularity of the results which were obtained indi- 
cates that this factor had a negligible influence. 

In order to guard against a possible effect of progressive 
changes in adaptation during the course of the work, two sets of 
observations were made. The first began with the lowest in- 
tensity, followed by progressively increasing intensities up to the 
highest. The second set was started with the highest intensity, 
followed by progressively decreasing intensities down to the low- 
est one. A progressive increase in adaptation during the series 
of increasing intensities might accidentally produce an “ all or 
none” law for the phenomenon if the sensitivity of the retina 
to the objective light should happen to increase pari passu with 
an increase in the intensity of the arc. If the reverse order of 
intensities were employed, however, the adaptation change would 
tend to increase rather than to decrease the variation due to the 
change in the stimulus intensity. 


TaBLe III. 
Apparent Brightness, P, of Blue Arc in Ten-thousandth Photons. 


a = --—— = 











Stimulus Intensity in Photons. 
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Wave-length Range of Stimulus, 642.0-680.0 uu 


The results of the second series of observations are shown 
in Table III. These results leave no possible doubt that the blue 
arc phenomenon actually obeys the “all or none” principle. The 
constancy of the apparent brightness of the arc for intensities be- 
tween 5 to 640 photons is remarkable, and any variations which 
occur can certainly be accounted for as a result of slight varia- 
tion in the level of adaptation or simply the uncertainties of the 
general method of measurement. Indeed, considering the dif- 
ficulty of making photometric matches under the conditions of 
the experiment the constancy of the values is surprising. It is 
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only for the intensity of 640 photons that variations outside of 
the limits 9.19 to 10.38 are found, and at the intensity in ques- 
tion a considerable amount of peripheral glare was present. 

In connection with this second series of observations the 
absolute threshold was determined for the light in the slot, C, and 
found to be 8.1 x 10% photons. This value is 0.82 times the 
average value (9.910x 10%) of the photon intensity which 
matched the blue arc in this series. In another series, involving 
less perfect dark-adaptation, a threshold 0.68 times the apparent 
brightness of the blue arc was found. These determinations of 
the limen were made with the same fixation as that of the blue 
arc measurement and in the presence of the spectral stimulus. It 
is evident that at least under the conditions of the observations 
here reported, the brightness of the blue arcs is only very slightly 
above the threshold. These results agree in general with those 
of Gertz.*? : 
IV. METHODS OF COMPUTATION. 

The method of computing the results given in Tables II and 
III was as follows: Each of the individual items of these tables 
represents five separate determinations of the objective brightness 
required to match the blue arc. The original records of the con- 
ditions for these matches were in the form of distances in centi- 
metres between the screen, NV, and the small flash-lamp, F’, which 
was always operated at a constant voltage. The five distances 
thus established for any given experimental setting were first 
averaged by finding their arithmetic mean. The illumination of 
the screen for this average distance of the lamp was then cal- 
culated by means of the inverse square law from the known 
candle-power of the lamp. This illumination value was then 
converted into units of brightness through multiplication by a 
constant depending upon the reflection coefficient of the screen, 
the angle of reflection, and the general optics of the arrangement. 

This constant was derived from a similar constant which 
had been computed for the magnesium oxide disk employed in 
making the flicker photometric equations. The relation between 
the two was established experimentally by illuminating the smoked 
screen, at the position in which it was used during the tests, by a 
lamp of constant candle-power placed fairly close to it at a known 
distance and then equating to it a second luminous field obtained 





* Loc. cit., 1909, Bd. 21, S. 326. 
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from another light source so arranged as to permit of an equality- 
of-brightness comparison between the two. This secondary field 
was then maintained at the determined brightness and the mag- 
nesium oxide disk substituted for the smoked screen in the same 
plane. The source of illumination of this plane was then moved 
away until a photometric equation was established, this time be- 
tween the magnesium oxide surface and the secondary compari- 
son field. From the distances of the lamp from the screen and 
disk, respectively, the ratio of the brightnesses of these two sur- 
faces for a constant illumination could be calculated. 

The original brightness value coefficient for the magnesium 
oxide surface was calculated on the assumption of a coefficient of 
reflection of the surface in question of .863, supposing also that 
the surface obeyed Lambert’s Law. On these assumptions the 
brightness of the surface would be expressed by the relation 


ir 


b= 


where i is the illumination of the surface and r is the reflection co- 
efficient. The photon values given in the Table could be com- 
puted from the brightness values of the disk or the screen by 
multiplying the latter by the area of the artificial pupil which was 
employed in all of the measurements, and by the transmission 
factor of the system. For this purpose the area of the pupil 
would be expressed in square millimetres and the brightness in 
candles per square metre. For simplicity of computation, the 
pupil and transmission factors were naturally combined with the 
constant required to reduce the illuminations to brightness values, 
so that the photon values were obtained by a single multiplication. 

It would, of course, have been desirable theoretically to have 
computed the brightness or photon values for the individual dis- 
tances of the lamp from the screen and then to have averaged all 
of these separately computed values. The results obtained by this 
procedure, however, would not have differed sufficiently from 
those actually found to have warranted the large increase in labor 
which would have been involved by the theoretically more 
exact method. 

Tables II and III show under the columns marked A.D. the 
precision measures of each of the main values of the table. These 
precision measures represent the “average deviations of the 
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averages’ of the individually determined photon values. They 
were computed in the following customary manner. The average 
deviation of the individual distance readings from their own 
mean value was first determined. This deviation was then divided 
by they 5 in order to obtain the average deviation of the mean 
distance reading considered by itself. This latter precision meas- 
ure, 4m, was then substituted in the equation, 


24 
ap=(2") » 


where Ap is the average deviation of the mean photon values as 
given in the tables, p the mean photon value, and m the mean dis- 
tance reading for the given case. This formula was developed 
from the relation between the photon and distance values by the 
usual method employed in calculating propagated errors. The 
average precision of the main values in Table III, thus computed, 
is 2.3 per cent., which is sufficiently low to account for the devia- 
tions from constancy of the values in question, at least of those 
values which were obtained under conditions of substantially 
constant adaptation and freedom from peripheral glare. 


V. THEORETICAL CONSIDERATIONS. 


The work reported in the present paper naturally requires 
to be supplemented by further measurements of the blue arc 
effect upon other subjects. In the small amount of time which is 
available to me for research of this character I find it more inter- 
esting to endeavor to enter new lines of investigation than to 
follow them up in great detail. However, I hope that others 
who are interested in vision and Have more time at their disposal 
will undertake to test the results reported in this paper upon a 
large number of subjects. 

If further analysis of the cause of the blue arc phenomenon 
should justify the interpretation which has been placed upon it in 
the present article (and by Gertz) the “all or none” character- 
istic of the phenomenon will have to be regarded as of funda- 
mental importance for the theory of visual response. We shall 
be obliged to face courageously the problem of determining how 
it is possible for gradations of intensity to be transmitted to the 
brain centres from individual rods or cones by an activity the 
secondary influences of which exhibit no gradations whatsoever. 
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It seems almost certain that intensity must be represented in the 
nerve currents moving along individual fibres of the optic nerve 
by the total number of quantal (“all or none’’) pulses passing 
through a fixed cross-section of any one of these fibres per 
unit time. 

No great difficulty would probably be found in reconciling 
the momentary character of the blue arc effect with the assump- 
tion that a constant stream of impulses is generated by the stimu- 
lus which sets off the effect in question. This effect must be pro- 
duced by the action of a very large number of individual nerve 
fibres, and it is improbable that the pulses in all of these fibres 
would be exactly synchronized, so that after the first general rise 
in excitation of the mass of conductors no variations in their com- 
bined activities would be detectable to an outside sensitive struc- 
ture. Another principle which might be involved is a possible 
difference in the natural periodicities of the primarily and sec- 
ondarily excited tissues. The facts indicate that the retinal 
receptors have a much greater inertia for any change of state 
than have the nerve conductors. It should also be noted in this 
connection that the blue arc effect has a very distinct negative 
after-image which by itself might account on the basis of simple 
fatigue or adaptation for the momentary character of the effect, 
although I do not at present favor this as a complete explanation. 

If we attribute intensity transmission to the frequency of the 
optic nerve impulses, however—as previously noted—there seems 
to be nothing left to explain the transmission of the two color 
characteristics, hue and saturation. Conceivably, these may be 
represented by some sort of “ group frequency,” although this 
seems a rather far-fetched explanation. It is difficult to imagine 
a mechanism in the cones or their junctions with the optic neu- 
rones which could translate the extremely high frequencies of 
the radiant stimulus into any kind of group frequency capable 
of being transmitted along a nerve fibre. 

Of course, we have still much to learn with regard to the 
exact nature of the nerve impulse and it is possible that varia- 
tions in the form of the pulse may occur without involving any 
change in its total magnitude. In this case we might endeavor 
to correlate transmission of the chromatic characteristics along 
the nerve with certain aspects of the form of the individual 
pulses. However, the improbability of this hypothesis leads one 
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to wonder whether there is not some chance of being able to 
return to Helmholtz’s original assumption that there exist in the 
retina three different kinds of chromatic receptors. Is the evi- 
dence which has led to the abandonment of this assumption actu- 
ally convincing? The experiments of Donders and others have 
shown that we can perceive colors of stimulus spots so small or 
distant as to form images upon single retinal cones. Moreover, 
the accepted opinion is that a point source of white light always 
looks white when clearly focussed on the retina, and does not tend 
to appear now red, now green and now blue, as would be expected 
if the centre of vision were made up of a mosaic of cones, indi- 
vidual elements of which were responsive singly to the red, green 
and blue constituents of the white light.?” 

As we have already noted, the recent researches of Hartridge 
have indicated very clearly the possibility of concentrating upon 
a single retinal cone a very large proportion of all of the light 
reaching the eye from a point source. However, the question 
certainly arises as to whether it is possible to maintain sufficiently 
constant fixation so that the light actually remains on any given 
cone during a period long enough to permit a judgment upon the 
stimulus effect which it produces. The actual effect upon con- 
sciousness, in other words, may not be due to the instantaneous 
action of the retinal image upon any single element but upon the 
summated effects of its successive actions upon a considerable 
number of adjacent elements. That a process of some such 
nature as this is involved in color perception, if not in brightness 
perception, is indicated by considerations advanced by Hart- 
ridge ?* with regard to the basis of discrimination between the 
colors of white and yellow points of light. The eye is subject 
to considerable chromatic aberration and in focusing an image 
upon the retina it selects the yellow rays of the spectrum as the 
ones to be most sharply defined. Any point source of white light 
would therefore be represented on the retina by a nucleus of 
yellow, which, according to Hartridge’s calculations would fall 
upon a single cone, surrounded by a ring of blue which would 
fall upon many outlying cones. A point source of yellow light, 
on the other hand, would be represented on the retina simply by 
the yellow nucleus without the blue ring. Experiment shows that 





* Cf., on these points, Parsons, loc. cit., p. 120, and Schafer, loc. cit., p. 1112. 
* Loc. cit., pp. 198-215. 
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we easily distinguish the difference in color between two such 
small sources of light, but that we do not perceive the white spot 
to consist of a nucleus of yellow surrounded by a ring 
of blue. This means that the responses of a considerable num- 
ber of cones have been combined to produce an integral sensation 
in consciousness. , 

This fusion in consciousness of the results of stimulating a 
number of adjacent cones may be attributable either to a fluctu- 
ation of the position of the image over the retina, due to a drift 
of fixation, or it may result from a general functional tendency 
for adjacent color excitations to fuse together. Such a tendency 
would not of necessity demand a similar fusion of brightness 
excitations. If we return to the original Helmholtz assumption, 
the brightness values would be represented by the strength of the 
nerve currents started at each retinal point while chromatic char- 
acteristics would depend upon the identity or location of the 
stimulated elements. These two entirely different kinds of data 
might be treated in quite different ways by the central nervous 
system. The limit of visual acuity for brightness patterns ap- 
pears to coincide fairly closely with the dimensions of the indi- 
vidual retinal elements, indicating that there is very little fusion 
of brightness excitations between such elements. However, it 
is well known that acuity for patterns determined wholly by 
color difference, without accompanying brightness difference, is 
very much lower, and this indicates that fusion of adjacent chro- 
matic excitations actually does occur. 

It is improbable that, in our quest for an explanation of the 
transmission of the chromatic characterstics, it will avail us any- 
thing to fall back on the overworked neurofibrillz. supposing that 
each optic nerve fibre contains a number of separate conductors 
which carry excitations back to the brain, in accordance with the 
“all or none” principle, independently of one another. Recent 
work throws grave doubt upon the actuality of these alleged in- 
ternal structures of the nerve fibres.24 They cannot be made out 
in the living nerve tissue by the use of the ultra-microscope, which 
renders visible other internal features of the cell. It seems very 
probable that these fibrillz are coagulation products or “ arte- 





“Cf. Bayliss, W.: “The Principles of General Physiology,” 10915, 
PP. 396-470. 
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facts” and are not actually present in the living cell, which is 
essentially a homogeneous liquid surrounded by a membrane. 

Further experimental investigations of the questions dis- 
cussed above would appear to be necessary in order to permit any 
reliable theoretical interpretation of the complex array of facts 
with which we have to deal. 


VI. SUMMARY. 


The present article discusses the relation to vision of the “ all 
or none” principle in nerve action, on the basis of new experi- 
mental data. The general nature of the principle is first consid- 
ered, together with the difficulties which appear when an attempt 
is made to apply it to the facts of visual response. An entoptic 
phenomenon—the blue arc effect—is then described, and evi- 
dence is presented that this phenomenon is attributable to second- 
ary stimulation of certain retinal elements—probably the rods 
and cones—by the action currents of the retinal nerve fibres. 
Careful measurements of the luminosity values of this effect for 
a wide range of primary stimulus intensities show that it is prac- 
tically independent of the latter, thus substantiating the view that 
the action currents of the retinal fibres really do follow the “ all 
or none” principle. The conditions under which the measure- 
ments were made, and the methods of calculation, are described 
in detail. Representative spectral stimuli were employed, and 
the photometric values of the stimuli and of the effect, itself, for 
the various conditions of experimentation are presented in tabu- 
lar form. In conclusion, some further theoretical implications of 
the results are considered. 





1919 REPORT OF THE STANDARDS COMMITTEE ON 
COLORIMETRY. 


THE committee has considered that its work for the first year 
must needs be strictly preliminary and that it is inadvisable to 
print a detailed technical report which would involve many ques- 
tions which cannot be decided without further consideration. 

In order to formulate the subject for critical consideration 
and provide a definite basis for discussion and further committee 
work, a “ preliminary draft” of a report has been prepared and 
is being circulated among those interested, in order to obtain their 
criticisms and suggestions. 

This preliminary draft contains about fifty typewritten pages. 
The table of contents is as follows: 


CONTENTS: 


INTRODUCTION. 
NOMENCLATURE: 
. General Terminology. 
. Fundamental Psychologic Terms. 
. Outline of the Methods of Practical Colorimetry. 
Classification of the Methods of Measurement Contrib- 
utory to Colorimetry. 
. Terms Relating to Transmission. 
. The Physical Terms of Homo-hetero-analysis, and 
Their Correlation with the Attributes of Color. 
. STANDARDS: 
1. Standards of Spectral Energy Distribution. 
2. Transmission Standards. 
3. Reflection Standards. 
Aprenpix I. BrsiiocRaAPHy. 
Appenprx II. Usace or Terms REtatinc to THe Atrrisutes or CoLor AND 
THEIR CORRELATIVES IN STIMULUS. 
Appenpix III. Usace or THe Worp “ Licur.” 


Emphasis is placed on the psychological basis of color and 
special consideration is given to the logical correlation of psycho- 
logical and physical terms. Terms relating to radiation are dealt 
with as forming the physical basis of colorimetry. The nomen- 
clature of heterochromatic photometry is elaborated in detail. 

The draft contains an extensive bibliography and a detailed 
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comparison of the usages of important colorimetric terms by dif- 
ferent authorities. An extensive tabular synopsis of the terms 
and symbols relating to transmissive properties of materials in 
current use at the National Bureau of Standards is also included. 

Copies of this preliminary draft have been issued as follows, 
with requests for criticism and suggestions : 


Bureau of Standards (C. A. Skinner, Chief Optical Division). 
Nela Research Laboratory (E. P. Hype, Director). 

Cheney Brothers (H. S. Bussy). 

Johns Hopkins University (A. H. Prunp). 

DuPont de Nemours & Co. (H. S. Baty). 

Columbia University (J. P. C. SourHa.t). 

Carnegie Geophysical Laboratory (R. B. Sosman). 

Corning Glass Works (Henry P. Gace). 


Copies have been retained by each member of the sub-com- 
mittee. A copy has been submitted to the President to be perma- 
nently filed later with the Secretary of the Society. Two copies 
have been deposited in the Library of the National Bureau of 
Standards and one of these may be borrowed by mail by anyone 
caring to examine it. Members of the sub-committee will be 
glad to receive criticisms. 


Signed: E. C. CritTENDEN, L. A. Jones, P. G. Nuttine, L. 
T. TROLAND, Irwin G. Priest, Chairman. 
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AIRPLANE PHotocraPpHy. By Herbert E. Ives. 422 pages, octavo, 208 illus- 
trations. $4.00. J. B. Lippincott Company, Philadelphia, Pa. 

“ Airplane photography had its birth, and passed through a period of 
feverish development, in the Great War. Probably to many minds it 
figures as a purely military activity. Such need not be the case, for the 
application of aerial photography to mapping and other peace-time prob- 
lems promises soon to quite overshadow its military origin. It has 
therefore been the writer’s endeavor to treat the subject as far as possible 
as a problem of scientific photography, emphasizing those general prin- 
ciples which will apply no matter what may be the purpose of making 
photographs from the air. It is, of course, inevitable that whoever at the 
present time attempts a treatise on this newest kind of photography must 
draw much of his material from war-time experience. If, for this reason, 
the problems and illustrations 6f this book are predominantly military, 
it may be remembered that the demands of war are far more severe than 
those of peace; and hence the presumption is that an account of how 
photography has been made successful in the military plane will serve 
as an excellent guide to meeting the peace-time problems of the near future.” 

In this first paragraph of the author’s preface the military origin and 
development of airplane photography is immediately capitalized for its 
enormous value in applications to peace-time problems. This is eminently 
fitting, since there is perhaps no other result of the Great War, except it 
be the spread and purification of Democracy or the end of War itself, 
which fills the imagination with greater possibilities in the peaceful service 
and uplift of mankind. Unlike poison gas, big guns, tanks, submarines, 
dreadnaughts, and other purely destructive devices which will either 
become obsolete in times of peace or will be developed in secrecy by 
suspicious or aggressive governments preparing for future wars, aerial 
photography is a military tool which readily lends itself to non-military 
applications of value. It is therefore extremely gratifying that this inter- 
esting story of airplane photography has been so promptly and so 
well written. 

The author assumes “that the reader is already fairly conversant 
with ordinary photography. Considerable space indeed has been devoted 
to a discussion of the fundamentals of photography, and to scientific 
methods of study, test and specification. This has been done because 
aerial photography strains to the utmost the capacity of the photographic 
process, and it is necessary that the most advanced methods be understood 
by those who would secure the best results or contribute to future prog- 
ress. No pretense is made that the book is an aerial photographic encyclo- 
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pedia; it is not a manual of instructions; nor is its appeal so popular 
as it would be were the majority of the illustrations striking aerial 
photographs of war subjects. It is hoped that the middle course steered 
has produced a volume which will be informative and inspirational to 
those who are seriously interested either in the practice of aerial photog- 
raphy or in its development.” 

There is no doubt that the author’s purpose has been definitely accom- 
plished. This book is sufficiently popular to interest anyone who reads 
simple English, and yet contains most of the essential scientific principles 
and technical data which are of importance to highly trained workers 
and students in this field. It is so bountifully illustrated with helpful 
diagrams and well-selected specimens of aerial photography that it is 
possible to derive a large amount of information and pleasure without 
reading a word of text, although the latter is fully as delightful as the 
former. The publishers are to be congratulated on their part of the work 
—beautifully reproducing the illustrations and producing a text which is 
remarkably free from typographical errors. 

Very early in the book, page 25, the author vividly describes the 
first flight or “ joy ride” of the photographic observer to familiarize him 
with conditions in the air and to impress him with the appearance of the 
earth from the plane. These impressions are necessary to a full under- 
standing of the problems involved in aerial photography. The most 
striking impression is that of the flatness of the earth, both in the sense 
of absence of relief and in the sense of absence of extremes of light and 
shade. The absence of relief is accounted for by the fact that the eleva- 
tions of terrestrial objects, when viewed from ordinary flying heights, are 
relatively too small for the separation of the eyes to give any stereoscopic 
effect, but this can be overcome by photography. The absence of ex- 
tremes of light and shade is in part due to the fact that natural earth 
surfaces present no great range of brightness, in part to the relatively 
small areas of the parts in shadow, but principally to the layer of atmos- 
pheric haze which lies as an illuminating veil between the observer and 
the earth. Because of the lack of contrast in landscapes from the air the 
use of photographic emulsions of considerable contrast and color sensi- 
tiveness is required. 

The airplane camera is treated with completeness in a series of 
chapters, pp. 39-175, dealing with lenses, shutters, plate-holders and 
magazines, hand-held cameras, non-automatic, semi-automatic and wholly 
automatic plate cameras, aerial film cameras, the motive power, etc., for 
automatic cameras, followed by a section, pp. 179-217, on the suspension 
and installation of cameras in airplanes so as to eliminate the vibrations 
which may impair definition on the photographic plate. Only rotational 
motions of the camera are damaging, and a rotation of one degree per 
second is beyond the limits of toleration, even with exposures as short 
as one hundredth of a second. 
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American, English, French, Italian and German camera equipment 
is described in detail without bias, and there is a disposition to state all 
of the experimental facts of this development in cameras for the benefit 
of future improvement. It is tacitly admitted that the German apparatus 
in some respects excelled that produced by the Allies. This is true not 
only of anastigmatic lenses of large aperture ratio, which were practically 
a German monopoly, but also of ingenious devices, such as focal plane 
shutters, which move in opposite directions on successive exposures, 
thereby eliminating the necessity for a safety flap, and also compensating 
distortion in mapping work, electric heating coils in the camera to main- 
tain the constancy of shutter operation, and photographic sensitivity at 
low temperatures, etc. 

Sensitized materials and chemicals have exceptional importance in 
aerial photography on account of the distribution of light, shade and 
color in the aerial view, being such as to require higher speed, contrast 
and color sensitiveness in the photographic emulsions. The author tabu- 
lates the requirements for aerial emulsions, page 236, and lists some plates 
and films which have been found satisfactory. The specifications are 
none too rigid, but even these requirements were not satisfactorily met 
by the materials which were on the market before the war, and realization 
of this fact brought about some attempts to produce special color-sensi- 
tive emulsions for this purpose. Mention is made of the Ilford Special 
Rapid Panchromatic plate, which shows remarkable sensitiveness to red 
light. No mention is made of a remarkable orthochromatic plate pro- 
duced by the Germans for aerial photography exclusively. This emulsion 
appears to have been dyed with erythrosin, but was treated in some way 
so that its contrast was much greater and its speed from 4 to 15 times that 
of the best orthochromatic plates used by the Allies. It may be that this 
extraordinary orthochromatic plate was obtained in a similar manner to 
that which produced the Ilford panchromatic, viz., by the stimulation of 
the dye. Experiments of this kind have been either unattempted or 
fruitless in our country, but should be encouraged energetically, since the 
greatest hope for advancement seems to lie in that direction. Experi- 
ments in freshly staining the ordinary plates in photo-sensitizing dyes 
or in stimulating dyed emulsions with ammonia have shown that speed 
and color sensitivity can be increased, but such experiments are not 
entirely suited to field operations. They have already served their purpose 
in calling attention to the possibility of improvements in commercial 
emulsions, but will continue to be of great value in emergencies not equally 
well covered by the ready-made materials. The military requirements of 
aerial photography are most exacting, and their fulfillment will be of 
undoubted value in other applications. 

Under Practical Problems and Data, the author discusses spotting, 
map making, oblique and stereoscopic photography, the interpretation of 
aerial photographs and naval aerial photography. 
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A chapter of special interest is that on Stereoscopic Aerial Photog- 
raphy, “ which is one of the most striking and valuable developments.” 
The separation of the eyes is much too small to give an appearance of 
relief to objects as far away as is the ground from a plane at ordinary 
flying heights, but stereoscopic pairs of photographs may be obtained by 
a method originally employed to reproduce distant mountains, clouds and 
planets in relief. The method is to take pictures from points separated 
by distances much greater than the inter-ocular separation—by meters or 
kilometers, instead of millimeters. In the airplane this is accomplished 
by making successive exposures as the plane flies over the objective, at 
intervals determined by the speed, the altitude and the amount of relief 
desired. It is shown that correct relief is obtained with a lens of 25 centi- 
meters focal length when the interval between exposures is about a 
quarter of the altitude, and this shows the fallacy of the suggestion that 
stereoscopic pictures could be made by two cameras placed one at the 
extremity of each wing. Anyone who has had the pleasure of seeing and 
admiring the remarkable stereoscopic effects obtained by airplane photog- 
raphy will censure the author for not including more illustrations of this 
type. An oblique stereogram, Fig. 159, is not well chosen on account of 
gross divergences in the background. 

Airplane Photography closes with chapters on the future develop- 
ments in apparatus and methods, applications to technical and pictorial 
work and to exploration and mapping, all of which discloses the sound 
judgment and the practical imagination of the author. In the study of 
architecture, city planning, construction progress of huge projects, prepa- 
ration of guide books, advertising of real estate and news events, the 
“ birdseye ” view may find extensive utilitarian value. Like the Orientals 
who plan their gardens to please their gods, we may be influenced to 
improve the beauty of our landscape gardening for the benefit of human 
navigators of the air. 

Scientific uses for aerial views will be found in geology and archeology, 
where photographic maps of otherwise inaccessible regions may now be 
obtained. Aerial photography will no doubt find its most extensive appli- 
cation in exploration and mapping, in which fields surely everyone has 
sufficient imagination to foresee work of marvelous beauty and utility. 

The present novelty of aerial views may disappear in time, but the 
universal appeal and educational value of pictures will always remain. 
Like the inspiring results of astronomical photography, the elevated birds- 
eye views of our own earth cannot fail to charm us and make us realize 
the future service which may be rendered by Airplane Photography. 


W. F. Meccers. 


Tue AMERICAN JoURNAL oF PuysioLocicAL Optics. 


The American Journal of Physiological Optics is the title of a new 
quarterly journal published by the Research Division of the American Optical 
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Company, of Southbridge, Mass. The editor is Charles Sheard, Ph.D., 
for many years Professor of Applied Optics at the Ohio State University, 
who is the author of several volumes on various phases of physiological 
optics and ocular refraction, and who is now filling the newly created 
position of physiological opticist in the American Optical Company. 

The journal will appear during the months of January, April, July and 
October of each year. Each issue will carry from 75 to 100 pages of 
material. The mechanical make-up of this journal is all that could be 
desired: it is beautifully printed in large type on silk-coat finished paper. 

The first issue of the journal carries a picture of Thomas Young, the 
father of physiological optics, as the frontispiece, and a sketch of his life 
by the editor. The principal papers in the issue are articles by Dr. 
George M. Gould on “ Eyestrain in Its Relation to Occupations,” Dr. 
W. W. Coblentz on “ A Comparison of Photo-electric Cells and the Eye,” 
and Dr. Luther C. Peter on “ The Value and Limitations of Perimetric 
Methods of Study.” 

This journal is published by the American Optical Company in 
response to the desire expressed by many persons interested in various 
ways in the human eye that a journal dealing with different phases of 
physiological optics be established in this country. To that end each 
number will, in so far as possible, carry articles of a general character in 
addition to highly specialized papers in this realm. Various physical, 
physiological and psychological aspects of visual phenomena will receive 
attention. The journal will be of special interest to those who are \pee- 
fessionally or scholastically interested in human vision. 

Inquiries in regard to this publication should be addressed to The 
American Journal of Physiological Optics, Charles Sheard, Editor, South- 
bridge, Mass. 


Tue New ITaALtan Oprticat JourNat. 


Everyone interested in applied optics or in precision mechanics will 
heartily welcome the new journal Revista D’Ottica e Meccanica di Precisione, 
recently started in Florence by Doctor Occhialini. Following the organi- 
zation of the Italian Optical Society, L’Associazione di Ottica e Mec- 
canica di Precisione, on August 9, 1919, the new journal was initiated with 
the September-October number, and has appeared bi-monthly since. It 
is the official organ of that society and is published by the Laboratorio 
D’Ottica Practica e Meccanica di Precisione at Florence. Dr. Augusto 
Occhialini, editor of the journal, is head of the Department of Mechanics 
and Director of that research institute and secretary of the society. 

The scope of the new journal is quite broad but very well covered, 
judging by the three numbers that have thus far appeared. It contains 
a number of original articles on general lens theory, lens calculation, 
optical glass testing, optical apparatus, photometry, radiometry, micro- 
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scopy and photography, as well as a few on metrology and mechanics. 
There are numerous short abstracts of articles published in foreign jour- 
nals, together with news items of general scientific interest and a few 
articles on industrial research. Some historical papers on the origin and 
development of certain mechanical principles are of particular interest. 
The avowed purpose of its founders in starting the journal is to collect 
and diffuse information of interest and value to the industries. 

To those interested in the organization of research, the situation in 
Italy will prove worthy of careful study. Government testing laboratories, 
schools of technology, astronomical observatories and manufacturers of 
scientific apparatus are all closely associated, somewhat as has been at- 
tempted at various times in this country. We should have a somewhat 
analogous condition of affairs if the Bureau of Standards and other testing 
and research laboratories were to throw open their doors to students and 
organize regular courses of instruction for them, and if they, together 
with Mt. Wilson and other observatories, with Gaertner, Leeds and 
Northrup, Bausch & Lomb, and other manufacturers of apparatus, and such 
manufacturers of precision instruments as Pratt & Whitney and Warner & 
Swazey, were to form a national technological association and publish a 
journal. The problem of adequately training men for industrial research, 
and eventually for the industries themselves, is an acute one in this 
country to-day, and Italy appears to have solved it. 

The officers of L’Associazione Italiana di Ottica e Meccanica di 
Precisione are as follows: 

Presidente—Generale Eugenio Righi, Direttore del R. Laboratorio fi pre- 
cisione, Roma. ; 
Vice-Presidente—Senatore Angelo Salmoiraghi, della “Filotecnica,” Milano. 
Consiglieri—Ing. Giuseppe Astorri, Presidente della Societa “ Archimede,” 

Roma; Prof. Azeglio Bemporad, Direttore del R. Osservatorio di Napoli; 

Ing. Alberto Cantu, Direttore dell’Officina San Giorgio, Sestri Ponente; 

Commendatore Luigi Pasqualini, Direttore delle Officine Galileo, Firenze; 

Senatore Prof. Vito Volterra, R. Universita, Roma. 

Cassiere—Marchese Nello Venturi Ginori, Firenze. 
Segretario—Prof. Augusto Occhialini, Direttore del Laboratorio d’ottica prac- 
tica e meccanica di precisione, Firenze. 
P. G. Nuttinc. 
Tue Opricat CLus or WASHINGTON. 

The Optical Club of Washington was formed October 29, 1919. Seven 
meetings were held during the past year at various laboratories, at which 
the following papers were presented: 

F. E. Wright—“ Crystalline Materials Used in Optics.” 

Paul D. Foote and F. L. Mohler—“ Determination of Planck’s Con- 

stant A from Measurements upon Electronicatomic Impact.” 

G. H. Peters—“ Instruments and Work of the Naval Observatory.” 
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W. J. Humphreys—“ Optics of the Air.” 
H. H. Kimball—* Variations in the Total and Luminous Solar Radia- 
tion with Geographical Position in the United States.” 
Irwin G. Priest and H. J. McNicholas—* Description of Colorimetric 
Work at the Bureau of Standards.” 
A. H. Taylor—“The Measurement of Diffuse Reflection Factors and 
a New Absolute Refractometer. 
H. E. Merwin—* Methods of Measuring Refractive Index.” 
The club consists of about forty members. 
W. J. Humphreys, G. H. Peters, W. F. 
be appointed. 


Officers for 1920-21 are 
Meggers, and a secretary to 


Paut D. Foore, 
Sec., 1919-20. 
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